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INTRODUCTION 
The basic purpose of Part II of this Final Report under NSF GA-18781 
is to provide detailed descriptions of individual studies made at each of the 
eight cities where urban effects on precipitation were investigated. The 
climatological research at each city is discussed separately with respect to 
data, analytical procedures, results, and conclusions. Part II serves as a 
single source of all findings at each city studied. 
Part II should be used as a supplement to Part I (Summary and 
Conclusions) which provides additional, pertinent information on the purpose 
and scope of the research project, basic sources of data, analytical limitations, 
analytical methods adopted, and evaluation techniques used in the studies. 
Also, Part I provides an overall summary of findings at the eight cities and 
the general implications of these findings with respect to urban effects on 
precipitation. Thus, utilization of both reports is recommended for a full 
understanding of the individual studies described here. 
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URBAN EFFECTS ON PRECIPITATION AT ST. LOUIS 
INTRODUCTION 
St. Louis was selected as a representative midwestern city with an 
industrial complex that is large and varied. It includes a mixture of most 
of the basic industries, such as steel, petroleum, and chemicals, plus light 
and heavy manufacturing. Furthermore, any urban-induced rainfall could be 
economically important, since a very permeable area is located a few miles 
downwind of the city where rainwater recharge of groundwater is very important 
to local industrial and public water supplies. The city lies on the west bank 
of the Mississippi River with its industry concentrated along the river east 
of the urban center. It has an urban population of 619,000 and a total 
metropolitan area population of 2,355,000 according to the 1970 census. The 
city is located in the flatlands of the Mississippi River Valley (400-700 ft MSL) 
but is subjected to possible topographic effects on storms approaching from the 
Ozarks to the SW and W. The terrain is relatively flat S, E, N, and NW of the 
city; however, abrupt changes in relief of 50 to 150 ft do occur at the river 
bluffs a few miles east of the city. The terrain becomes hilly SW and W of 
the city in the Ozark foothills with a few elevations of 1000 ft or more at a 
distance of 20-25 mi from St. Louis. 
With its continental humid climate, St. Louis is subjected to extremes 
of precipitation, temperature, and various forms of severe local weather. The 
April-June period is normally the wettest with frequent thunderstorms and an 
average rainfall of 12 inches. Dry periods occur frequently from mid-summer 
to fall when it is not unusual to have periods of 1-2 weeks or more without 
appreciable rainfall. Snowfall averages less than 20 inches per year. Annual 
precipitation averages about 37 inches in the city. 
ANALYTICAL PROCEDURES 
A major problem in studying urban effects is defining the area of 
potential effect. In the St. Louis study, the built-up urban zone including 
its industrial complex was selected as the region having potential effects 
on all passing precipitation systems. Passing convective precipitation cells 
presumably affected by urban-industrial factors were then modeled through use 
of cell durations, speeds, and motions, based upon findings of Byers and 
Braham (1949) and Towery and Changnon (1970). This resulted in a model storm 
with a speed of 22 mph and an average travel distance of 26 miles. An analysis 
of directions of 153 storm motions in Illinois (Towery and Changnon, 1970) 
revealed that 9 2% came from the SW, WSW, W, WNW, or NW and only 8% from the 
NNW, N, SSW, and S. Studies of motions of precipitation lines (Changnon and 
Huff, 1961) revealed that 84% came from directions within an arc from 225 
degrees clockwise through 315 degrees (SW-NW). 
It was assumed that the precipitation process in a storm element is 
affected throughout the time it is over the St. Louis urban-industrial area 
(hashed area in Fig. 1), and that the effect persists until the element 
dissipates. Thus, an average "effect area" was constructed using the 26-mile 
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d i s t ance to define the outer or downwind l i m i t . A storm element having crossed 
4 miles or more (10 min. at average speed of 22 mph) of the u r b a n - i n d u s t r i a l 
area was considered to have experienced a near-maximum of t h e pos s ib l e e f f e c t 
of the t o t a l urban a r e a . A 110-degree s e c t o r was der ived from cons ide ra t ion of 
the primary p r e c i p i t a t i o n motion values and r e q u i s i t e s of a 4-mile o v e r - c i t y 
t r a v e l . The area w i th in 26 miles of the e a s t e r n urban edge and wi th in the 
110-degree s e c t o r was then defined as the Major Effec t Area (F ig . 1 ) . The 
urban complex and those areas to the N, NNE, SSE, and S t h a t are downwind for 
inf requent storm motions were defined as the Minor Effec t Area. 
An Upwind Control Area was chosen to match t h e gene ra l s i z e and shape of 
the Major Effec t Area (F ig . 1 ) . Also , a Downwind Control Area with a comparable 
depth and a fanshape extending from the Major Ef fec t Area was e s t a b l i s h e d . Both 
of these were defined as no-e f fec t a r e a s . S t a t i o n s ou t s ide of the e f f e c t and 
no-e f fec t regions shown in F ig . 1 were used to a s s i s t in e s t a b l i s h i n g s p a t i a l 
p r e c i p i t a t i o n p a t t e r n s and in i n t e r p r e t i n g the s i g n i f i c a n c e of u r b a n - r e l a t e d 
p a t t e r n s . Although t h e r e were s e v e r a l a r b i t r a r y dec i s ions involved in the 
modeling and subsequent d e f i n i t i o n of the a r e a s , they are considered reasonable 
approximations t h a t are usefu l for comparing r e g i o n a l d i f f e r e n c e s . 
Two types of p r e c i p i t a t i o n analyses were employed in the eva lua t ion of 
urban e f f e c t s ; 1) the usual express ion of s t a t i o n p r e c i p i t a t i o n values in 
i n c h e s , and 2) p r e c i p i t a t i o n r a t i o s , in which the p r e c i p i t a t i o n (monthly or 
seasona l ) at each s t a t i o n was divided by the average p r e c i p i t a t i o n for the two 
urban s t a t i o n s des igna ted STL and UNI in F ig . 1. This simple normal iza t ion 
technique f a c i l i t a t e d eva lua t ion of time t rends in urban e f f e c t s , e s p e c i a l l y 
during per iods of a c l i m a t o l o g i c a l l y generated upward or downward t r end in 
p r e c i p i t a t i o n extending throughout the e f f e c t and no -e f f ec t a r e a s . Fur thermore, 
the r a t i o s provide a simple measure of the magnitude of any urban-induced 
downwind e f f e c t . 
In the time t r e n d a n a l y s e s , 2- and 5-year moving averages of monthly and 
seasona l p r e c i p i t a t i o n were used to smooth out some of the y e a r - t o - y e a r n a t u r a l 
v a r i a b i l i t y in the d a t a , which f a c i l i t a t e s eva lua t ion of any long-term t r e n d s . 
The moving averages in conjunction with the r a t i o s were p a r t i c u l a r l y use fu l in 
d e l i n e a t i n g p o t e n t i a l urban e f f e c t s in the p r e c i p i t a t i o n t ime s e r i e s for a 
given month or season . 
E a r l i e r s t u d i e s i n d i c a t e d u r b a n - r e l a t e d i nc rea se s i n thunderstorm 
occurrences at Chicago (Changnon, 1969) and s i z e a b l e i nc rea se s in both 
thunderstorm and h a i l s t o r m frequencies in and around La P o r t e , I nd i ana , downwind 
of the south Chicago i n d u s t r i a l complex (Changnon, 1968). Hence, a s i m i l a r 
i n v e s t i g a t i o n was undertaken in the S t . Louis a r e a , based p r i m a r i l y upon 
comparative analyses of thunder-day and h a i l - d a y e v e n t s . R a i n f a l l and synopt ic 
weather condi t ions were analyzed a l so in conjunct ion with c e r t a i n phases of 
the thunderstorm s t u d y . Analyses were r e s t r i c t e d l a r g e l y to seasonal and 
annual f r equenc ies . Poin t comparisons were made on a temporal b a s i s for 
s t a t i o n s with long pe r iods of q u a l i t y r e c o r d s . Areal means were used to compare 
thunders to rm-ha i l f requencies upwind and downwind of the urban a rea . Also , 
da ta for the two f i r s t - o r d e r s t a t i o n s at S t . Louis (STL, APT) were subjec ted 
to a d e t a i l e d s e r i e s of comparison. Resul t s p resen ted here have been l imi t ed 
mostly to summer and annual d a t a , s ince most major changes in f requencies took 
p lace in summer. 
Figure 1. Climatic stations and areas used in St. Louis 
urban-effect studies. 
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DATA USED 
The primary source of data was the climatological records of precipitation 
published by the Environmental Data Service of NOAA (formerly U. S. Weather 
Bureau) for Missouri and Illinois. These data were supplemented by excellent 
precipitation records from five stations downwind of St. Louis operated since 
1941 by the East Side Levee District of the U. S. Army Corps of Engineers. Daily 
weather maps published by the National Weather Service were used in analyses 
of synoptic weather conditions on urban effects. Locations of precipitation 
stations used in the study are shown in Fig. 1. In the precipitation analyses, 
major emphasis was placed upon the period starting in 1941, since the density 
of reporting stations prior to that was inadequate for many of the analyses. 
A major problem in the urban study was to evaluate the reliability of 
available precipitation records in the study area. As part of this evaluation, 
a visit was made to all stations in the hypothesized Major and Minor Effect 
Areas of Fig. 1 to inspect raingage exposures and to evaluate the capabilities 
and interests of the paid and cooperative observers in weather observations. 
Within the two effect areas, we found no evidence to doubt the veracity of 
the observational data. Furthermore, we were particularly fortunate that the 
paid observers of the East Side Levee District were very capable, stations 
had remained in the same locations since 1941, and all observers had a long 
period of experience extending throughout all or most of the 1941-68 period. 
This was especially important, since as will be seen later, a downwind peak in 
seasonal rainfall occurs in the vicinity of two of these stations (CEN, EDG). 
Another effort undertaken to minimize observational errors involved 
review of station histories for all precipitation stations with the 
Illinois-Missouri study area. These were obtained from the Illinois State 
Climatologist. As the monthly and seasonal analyses were completed, changes 
in observer and/or location of each station were examined to ascertain any 
corresponding change in the precipitation distribution at that station or with 
respect to surrounding stations. If any questionable change was discerned, 
all or part of the record was eliminated from the various analyses. Otherwise, 
the record was accepted since elimination of all stations with observer and/or 
site changes would have made spatial pattern analyses impossible. 
The reader will note that the periods of record used in various analyses 
are not always consistent. Thus, analyses of thunder and hail days are 
confined primarily to the 1938-68 period (or portions thereof), whereas seasonal 
rainfall analyses are based on data for the 1941-6 8 period. This difference 
arises because the length of reliable records of various precipitation events 
is not consistent. It was decided that all reliable records would be used for 
each analysis, rather than discard useful data in some cases to keep all 
analyses on the same time basis. Thus, data from both first-order and 
cooperative substations for the 1901-6 8 period were used in the thunder-hail 
studies, and acceptability of substation records for these events determined 
from an evaluation technique developed by Changnon (1957, 1966). The result 
of the substation evaluation is shown in Fig. 1. 
URBAN EFFECTS ON MONTHLY AND SEASONAL PRECIPITATION 
Spatial analyses showed a persistent, localized high in the summer 
(June-August) rainfall in the Major Effect Area of Fig. 1 throughout the 
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1941-68 period. This is illustrated in Fig. 2 for the last 10 years (1959-68) 
and for the entire sampling period (1941-68). Major features are the same, 
although the orientation of the downwind high changed somewhat as a result of 
a decrease in summer rainfall during recent years in the Edwardsville (EDV) 
region compared with that at Centreville (CEN). From a visit to Hardin (HAR) , 
it was concluded that the single-station high at that location (NW of St. Louis 
beyond the control and effect areas) has resulted from an exposure problem 
(tree splash in very sheltered location). Note that the high in the Major 
Effect Area, however, is supported by several stations, and no exposure or 
observational deficiencies were found at these stations. 
In winter (Jan-Feb) evidence was found of a minor localized high in 
the Edgement (EDG) region of the Major Effect Area, but identification was 
complicated by the presence of a winter climatic ridge extending northwestward 
through southern Illinois in the direction of St. Louis. Spring (March-May) 
was similar to summer with a persistent high in the Major Effect Area near 
CEN. The fall (Sept-Nov) average precipitation maximized in the Upwind Control 
Area southwest of the city, but there was slight evidence of a secondary high 
near EDV in the Major Effect Area. 
Although the presence of a localized anomaly downwind of St. Louis can 
be identified by the seasonal analyses described above, it can not be determined 
whether this anomaly has resulted from urban-induced effects, topographic 
influences (Ozarks), or a combination of these two factors. The next step in 
the analytical process was to construct seasonal precipitation ratio maps, such 
as those illustrated for summer rainfall in Fig. 3. Fig. 3 indicates that the 
CEN high of Fig. 2 has been intensifying with progressing time with respect to 
the average city rainfall; that is, the rural/urban ratio has increased in the 
more recent years (1959-68) compared with the long-term average (1941-68). 
Examination of Figs. 2 and 3 indicates that summer rainfall has decreased with 
progressing time throughout the sampling region, and that the ratio increase 
at CEN is the result of a lesser rate of decrease than experienced in the city. 
Table 1 shows additional comparisons of summer rainfall ratios between 
various combinations in the urban effect and control (no-effect) areas for 
the 1941-68 sampling period and for the last 10 years of that period. CEN, 
located at the center of the downwind high, experienced 9% more rainfall than 
the 2-station city average (STL-UNI), 10% more than the Upwind Control average, 
and 13% more than the Downwind Control average during the 1941-68 period. 
These percentages increased substantially during the last 10 years of the 
sampling period, 1959-68. This is considered evidence in support of an 
urban-induced rainfall increase, since the local anomaly has intensified with 
progressing time in the CEN area, and topographic-induced variations or 
natural climatic differences would not be expected to change with time. 
Comparison of the average rainfall in the Major Effect Area with that in the 
two control areas indicates 8-10% greater rainfall in the urban-effect area, 
but this difference remains nearly constant with time. Thus, only in the CEN 
area is there evidence of continued intensification of the local rainfall 
effect. 
The ratios between the Minor Effect Area and the two control areas in 
Table 1 show little evidence of a local effect on summer rainfall. Also, 
there is only a very small difference in average summer rainfall between the 
Upwind and Downwind Control Areas. This lack of a significant climatic 
gradient of summer rainfall between the two control regions provides additional 
Figure 2. Summer rainfall patterns during selected periods in St. Louis area. 
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Figure 3. Summer rainfall ratio patterns for selected 
periods in St. Louis area. 
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evidence t h a t the heav ie r r a i n f a l l in the Major Ef fec t Area, l oca t ed between 
the two c o n t r o l s , i s r e l a t e d to l o c a l e f f e c t s , e i t h e r urban o r topographic . 
Table 1. Comparison of summer r a i n f a l l r a t i o s in urban 
e f fec t and con t ro l a r e a s . 
Rat io in given sampling per iod 
Rat io areas 1941-68 1959-68 
CEN/City 1.09 1.20 
CEN/Upwind Control 1.10 1.16 
CEN/Downwind Control 1.13 1.15 
Major Effect/Upwind Control 1.09 1.09 
Major Effect/Downwind Control 1.10 1.0 8 
Minor Effect/Upwind Control 1.00 1.01 
Minor Effect/Downwind Control 1.02 1.00 
Major Effect /Minor Effec t 1.08 1.09 
Upwind Control/Downwind Control 1.02 0.99 
Table 2. S igni f icance t e s t i n g of 1941-6 8 summer r a i n f a l l 
d i f fe rences between e f f ec t and con t ro l a r e a s . 
Comparison area 2 - t a i l p r o b a b i l i t y 
Major Effec t v s . Upwind Control 0.016 
Major Effec t v s . Downwind Control 0.017 
Major Effec t v s . City 0.012 
Minor Effect v s . Upwind Control N/S* 
Minor Effec t v s . Downwind Control 0.65 
*N/S - not significant, outside table probability values 
As a guide in eva lua t ing the s i g n i f i c a n c e of the d i f f e rences in summer 
r a i n f a l l between the con t ro l and hypothes ized e f f e c t a r e a s , t - t e s t s were made 
between var ious combinations of a reas for the 1941-6 8 p e r i o d . Resul t s are 
summarized in Table 2 in which the t w o - t a i l p r o b a b i l i t y is shown for the 
var ious comparisons. Thus, data for the 28-year sampling per iod i n d i c a t e a 
r e l a t i v e l y high s i gn i f i c ance for the d i f fe rences between the Major Effec t Area 
and each of the two c o n t r o l areas and between the c e n t r a l c i t y and Major 
Effec t Area. However, d i f fe rences between the hypothesized Minor Effect Area 
and the two con t ro l areas are not s i g n i f i c a n t . O v e r a l l , the t - t e s t s provide 
suppor t for an urban induced e f f e c t in the Major Effec t Area, bu t not in the 
hypothes ized Minor Effec t Area, as i nd i ca t ed by the space- t ime p a t t e r n s 
d iscussed above. 
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Analyses of monthly s p a t i a l p a t t e r n s were made in an e f f o r t to d e l i n e a t e 
f u r t h e r the downwind e f f e c t . This produced some evidence of a l o c a l i z e d e f f e c t 
during May, J u n e , J u l y , and August in the Major Effec t Area. Any e f f e c t p r e s e n t 
in o the r months was sub jec t to s u f f i c i e n t i n t e r f e r e n c e from the normal c l i m a t i c 
p a t t e r n to render i t s i d e n t i t y q u e s t i o n a b l e . As i nd i ca t ed in the seasona l 
a n a l y s e s , a n a t u r a l r idge in the c l i m a t i c p a t t e r n extends i n t o the urban a rea 
from the s o u t h e a s t . This p a t t e r n s t a r t s in l a t e August, and except for October , 
cont inues throughout the f a l l and win te r i n t o A p r i l . 
Table 3, c a l c u l a t e d from 1949-68 d a t a , provides some i n d i c a t i o n of 
monthly l o c a l i z e d e f f e c t s in the warm season. The average monthly p r e c i p i t a t i o n 
r a t i o in the Major Effec t Area is g r e a t e r than in the two c o n t r o l areas during 
May, June , J u l y , and August. However, the evidence is weak in August when t h e 
s h i f t in c l i m a t i c p a t t e r n confuses the i s s u e . In J u l y , the urban area and the 
Major Ef fec t Area have nea r ly equal monthly means, as i nd i ca t ed by the r a i n f a l l 
r a t i o of 0.99 and t h i s sugges ts t h a t an urban e f f e c t ( i f p r e s e n t ) may be 
maximizing both wi th in and downwind of the c i t y at t h a t t ime . The t y p i c a l 
s p a t i a l p a t t e r n of r a i n f a l l r a t i o s for July ( F i g . 4 ) i n d i c a t e s a l o c a l i z e d 
i n c r e a s e cen te red near EDG. 
Table 3. Monthly mean p r e c i p i t a t i o n r a t i o s in Major E f f e c t , 
Upwind Con t ro l , and Downwind Cont ro l Areas , 1949-68. 
Average r a t i o s , given a rea t o c i t y 
Area Jan Feb Mar Apr May Jun J u l Aug Sept Oct Nov Dec 
Major Ef fec t 1.05 1.01 1.10 1.10 1.11 1.11 0.99 1.16 1.12 0.96 1.08 1.06 
Upwind Cont ro l 0.95 1.02 1.03 1.04 1.05 1.07 0.96 0.95 1.05 0.98 1.04 0.95 
Downwind Contro l 1.08 1.07 1.13 1.13 1.03 1.01 0.84 1.15 1.12 0.89 1.12 1.18 
Evidence of an urban-induced inc rease in summer r a i n f a l l was provided by 
the time t r e n d a n a l y s e s . Time t r ends of seasona l p r e c i p i t a t i o n showed a gene ra l 
decrease throughout the S t . Louis region dur ing 1941-68, bu t t h i s t rend was l e s s 
pronounced in the region of the downwind high (F ig . 2 ) . This is shown in F i g . 5 
for CEN, loca ted approximately 10 miles SE of the c e n t r a l c i t y and at the c e n t e r 
of the summer downwind h i g h . F ig . 5 shows i n d i v i d u a l 5-year moving averages of 
the p r e c i p i t a t i o n r a t i o , upon which i s superimposed the t ime- t r end r e g r e s s i o n 
l i n e for the 1941-68 p e r i o d . 
A c o r r e l a t i o n c o e f f i c i e n t of 0.89 and a s tandard e r r o r of 0.04 were 
ob ta ined for the r e g r e s s i o n . Obviously, t h e r e has been a s i g n i f i c a n t i n c r e a s e 
in summer r a i n f a l l at CEN r e l a t i v e to the urban a rea . This t r end was most 
pronounced in the l a s t 15 years of the sampling p e r i o d , 1954-68. If u rban- induced , 
t h i s observed t r e n d would be expected with g radua l expansion of the u r b a n - i n d u s t r i a l 
complex; i f t opograph ica l ly r e l a t e d , the t r e n d should not occur . 
Evidence of the p e r s i s t e n c e of the summer downwind high is a l s o shown in 
F ig . 5. During the l a s t 15 y e a r s , every 5-year moving average of the r a i n f a l l 
r a t i o at CEN exceeded 1.05. Table 4 provides f u r t h e r v e r i f i c a t i o n of t h i s 
p e r s i s t e n c e as shown by the pe rcen t of the 2- and 5-year moving average of summer 
r a i n f a l l r a t i o t h a t exceeded 1.00, 1 .05, and 1.10 at each s t a t i o n in the Major 
Figure 4. Average July rainfall ratios in St. 
Louis area, 1949-1968. 
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Figure 5. Time trend of CEN summer rainfall ratios. 
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E f f e c t Area d u r i n g 1 9 5 4 - 6 8 . From t h i s a n a l y s i s i t i s conc luded t h a t t h e 
downwind h i g h i s a p e r s i s t e n t o c c u r r e n c e , n o t a s t a t i s t i c a l a c c i d e n t r e s u l t i n g 
from a few y e a r s o f e x c e p t i o n a l l y heavy r a i n f a l l in t h e downwind r e g i o n . 
E v i d e n c e o f a p o s s i b l e u r b a n - i n d u c e d w i n t e r e f f e c t c e n t e r e d i n t h e 
CEN-EDG r e g i o n was found by t i m e t r e n d a n a l y s i s . The r a t i o s o f a v e r a g e w i n t e r 
p r e c i p i t a t i o n at CEN and EDG to a v e r a g e s f o r 1) an Upwind C o n t r o l c o m b i n a t i o n 
(APT-WG), 2) a Downwind C o n t r o l p a i r (NHV-SPT) , l o c a t e d n e a r t h e a x i s of t h e 
l o n g - t e r m c l i m a t i c h i g h , and 3 ) t h e c i t y c o m b i n a t i o n (STL-UNI). R e s u l t s a r e 
. summarized i n Tab le 5 . A l l c o m b i n a t i o n s i n d i c a t e a n i n c r e a s i n g t r e n d i n t h e 
CEN-EDG r e g i o n . T h u s , w i n t e r p r e c i p i t a t i o n has n o t on ly been i n c r e a s i n g i n 
t h e Major E f f e c t Area w i t h r e s p e c t t o t h e c i t y , b u t w i t h r e s p e c t t o b o t h 
c o n t r o l a r e a s . 
Tab le 4 . P e r c e n t o f 2 - and 5 - y r moving a v e r a g e s o f r a i n f a l l r a t i o s i n t h e 
Major E f f e c t Area t h a t were e q u a l l e d o r e x c e e d e d d u r i n g 1 9 5 4 - 6 8 . 
P e r c e n t o f c a s e s f o r g i v e n r a t i o and p e r i o d 
Major E f f e c t 1.00 1.05 1.10 
S t a t i o n 2 - y r 5 - y r 2 - y r 5 - y r 2 - y r 5 - y r 
CEN 86 100 86 100 71 82 
EDG 86 100 79 100 71 9 1 
BLV 86 100 86 91 57 73 
MIL 79 100 64 91 50 45 
COL 9 3 100 71 100 50 73 
EST 79 100 64 91 57 45 
EDV 57 82 57 45 57 27 
Table 5. Trend of 5-yr moving ratios of 
winter precipitation, 1941-68. 
C o r r e l a t i o n 
R a t i o c o m b i n a t i o n s R a t i o Trend c o e f f i c i e n t 
CEN-EDG/STL-UNI 1.06 + 0 . 0 1 3 + 0 . 7 1 
CEN-EDG/APT-WG 1.07 + 0 . 0 1 1 +0 .80 
CEN-EDG/NHV-SPT 0 .89 + 0 . 0 0 7 +0 .56 
SEPARATION OF NATURAL AND URBAN-RELATED RAINFALL PATTERNS 
Two techniques were used in an effort to separate the components of the 
downwind high (Fig. 2) resulting from urban-induced rainfall and that resulting 
from natural climatic variations. In the first analysis, data in the two 
control areas and at stations surrounding the control areas (Fig. 1) were 
plotted for several sampling periods. Isohyets were drawn through these data, 
and the resulting isohyetal patterns were considered to represent the natural 
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dis t r ibut ion of summer r a i n f a l l with no urban ef fec t . The r a i n f a l l pat tern 
in the no-effect areas was used to interpolate or extend the analysis through 
the two effect areas. Pattern configurations and r a i n f a l l gradients established 
in the surrounding area were taken into consideration. The interpolated 
r a i n f a l l pat tern in the effect areas was then assumed to represent the r a i n f a l l 
tha t would have occurred in the absence of any urban effect . Next, the 
s ta t ion values obtained from the isohyetal interpolat ion were subtracted 
from the actual observed values and the difference assigned to urban effect . 
This procedure was accomplished for 4 sampling periods which included 1941-68, 
1949-68, 1959-68, and 1964-68. These various sampling periods were used to 
evaluate the consistency of the analyt ical method and to invest igate possible 
changes in location and/or in tens i ty of the suspected urban effect with 
progressing time. 
In the second separation analys is , a mathematical surface was f i t t e d to 
the data outside of the two effect a reas , and th i s surface was then extended 
through the two effect areas to provide estimates of the d is t r ibut ion of 
summer r a i n f a l l in the Major Effect and Minor Effect Areas with removal of the 
localized effect . This is an adaptation of a method proposed by Wadsworth 
(1951) for evaluating seeding-induced r a i n f a l l increases in ta rget areas during 
weather modification experiments. In p r inc ipa l , i t is s imilar to the isohyetal 
extension method described above, but removes subject iv i ty from the r a i n f a l l 
in te rpola t ions . 
St. Louis summer r a i n f a l l at the sampling points within the two effect 
areas were obtained from a 17-term equation which resul ted from the decision 
to expand terms u n t i l a multiple correlat ion coefficient that explained 75% 
of the variance (0.87) was obtained for a l l sampling periods. The lengthy 
expansion was considered appropriate since there was no intention of using 
the empirical equation for future prediction purposes. 
Table 6 shows the average percentage changes resul t ing from estimated 
urban effects on summer r a i n f a l l in the two effect areas for the 28-year 
period and during the l a s t 5 and 10 years of the sampling period. Results 
from both separation techniques are shown along with a combined average, and 
they are remarkably s imi lar . For the 28-year period, the estimates indicate 
an increase of approximately 10% in r a i n f a l l in the Major Effect Area from 
the urban ef fec t , but only a 1% increase in the Minor Effect Area and within 
the city (STL-UNI). No major changes in the estimated urban effect are 
indicated in the 1959-68 averages, but an increased effect is indicated during 
the 1964-6 8 period. 
Table 7 shows resu l t s of significance t e s t ing of the differences between 
the actual and predicted means of summer r a i n f a l l in the Major and Minor Effect 
Areas combined. The predicted mean represents the r a i n f a l l a t t r ibu ted to the 
natural cl imatic d i s t r ibu t ion , based upon the p lane- f i t t ing r e s u l t s , and the 
differences represent the estimated urban-induced increases in the hypothesized 
effect areas . A t - t e s t of the differences was computed for four sampling 
periods (28, 20, 10, and 5 yrs) to aid in evaluating the temporal s t a b i l i t y 
of the estimated urban effect . The one- ta i l probabi l i ty presented in Table 7 
show a very high degree of significance (<0.01) in a l l except 1949-68 when it 
was s t i l l r e l a t ive ly high with a probabil i ty of only 0.04 tha t the mean 
difference was due to chance. 
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Table 6. Est imates of urban e f f e c t s on a r e a l ave rages , based on c u r v e - f i t t i n g 
and i s o h y e t a l techniques appl ied to summer r a i n f a l l . 
Urban-induced d i f fe rence (%) for given condi t ion 
1941-68 1959-68 1964-68 
Curve I s o - Curve I s o - Curve I s o -
Area f i t t i n g h y e t a l Average f i t t i n g h y e t a l Average f i t t i n g h y e t a l Average 
Major 
Ef fec t +11 +9 +10 +10 +10 +10 +14 +12 +13 
Minor 
Effec t                   0               +1               +1 +3 +2 +2 +3 +6 +5 
City Only +1 +1 +1 -2 -1 -1 +3 +7 +5 
Major and 
Minor +6 +6 +6 +7 +7 +7 +9 +9 +9 
Table 7. S igni f icance t e s t i n g of es t imated urban-induced 
inc rease in summer r a i n f a l l in Major and Minor 
Effec t Areas. 
Sampling Per iod 
1941-68 1949-68 1959-68 19614-68 
P r e d i c t e d c l ima t i c 
mean ( inches) 10.74 10.68 9.06 8.72 
Actual mean ( inches) 11.49 11.07 9.78 9.54 
Est imated urban-induced 
d i f f e rence ( inches) 0.76 0 .31 0.72 0.82 
O n e - t a i l p r o b a b i l i t y <0.01 0.04 <0.01 <0.01 
Table 8 provides a comparison of es t imated urban-induced e f f e c t s at 
i n d i v i d u a l s t a t i o n s in the Major Effec t a r e a , based on averages of the two 
s e p a r a t i o n techniques . There is evidence of a s h i f t in the l oca t ion of the 
downwind maximum with progress ing t ime . This urban-induced maximum has 
s h i f t e d from the EDV-C0L area to the CEN area in r ecen t y e a r s , as i n d i c a t e d 
a lso in the t o t a l r a i n f a l l p a t t e r n s of F ig . 2 . F ig . 6 shows the r a i n f a l l 
p a t t e r n for 1941-68 derived from averaging the curve f i t t i n g and the i s o h y e t a l 
i n t e r p o l a t i o n s in the two hypothesized u rban-e f fec t a r e a s . Comparison of 
Fig. 6 wi th F ig . 2a i l l u s t r a t e s the change brought about by superimposing the 
es t imated urban e f f e c t on the n a t u r a l summer r a i n f a l l p a t t e r n in the Major 
Effect and Minor Effec t Areas. 
Of primary i n t e r e s t is a comparison of the r a i n f a l l r a t i o maps of 
Fig. 3 wi th Table 8. The 1941-6 8 r a t i o map shows t h a t the summer r a i n f a l l at 
EDV averaged 6% more than in the c i t y . However, the sepa ra t ion ana lys i s of 
Table 8 i n d i c a t e s t h a t the urban-induced e f f e c t at EDV was considerably g r e a t e r 
(+15%) when the urban e f f e c t s are s epa ra t ed from the n a t u r a l c l ima t i c 
Figure 6. Summer rainfall pattern in St. Louis area 
with urban effect removed, 1941-68. 
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d i s t r i b u t i o n . In g e n e r a l , Table 8 shows h ighe r percentage inc reases from the 
es t imated urban e f f e c t in the Major Effec t Area during the 1941-68 per iod than 
ind ica t ed by the u r b a n / r u r a l r a t i o s of F ig . 3 . Apparent i n t e n s i f i c a t i o n of 
the urban e f f e c t in the Major Effec t Area during 1964-68 was confined mostly 
to the CEN a r e a , although some increase is i n d i c a t e d a l so NE and W of CEN in 
the EDG and EST r e g i o n s . The major inc rease at CEN in r e c e n t years was a l so 
very ev iden t in the time t r end analyses (F ig . 5) d iscussed e a r l i e r . 
Table 8. Est imates of urban e f f e c t s on po in t r a i n f a l l in Major 
Effec t Area, based on averages obtained from curve f i t t i n g 
and i s o h y e t a l techniques appl ied to summer r a i n f a l l . 
Urban-induced d i f fe rence (%) 
S t a t i o n 1941-68 1959-68 1964-6 8 
EDV +15 +10 +7 
COL +14 +11 +13 
EDG +10 +11 +14 
BLV +6 +10 +8 
CEN +11 +17 +28 
EST +11 +11 +17 
MIL +6 +4 +5 
WET-DRY PERIOD ANALYSES 
Analyses were performed to determine whether s i g n i f i c a n t d i f fe rences 
might occur in the na ture of the observed l o c a l e f f e c t during r e l a t i v e l y wet 
and dry p e r i o d s . For t h i s s t u d y , summer r a i n f a l l t o t a l s during the 19 41-6 8 
per iod were divided according to the 9 d r i e s t and 9 w e t t e s t summers with the 
remaining 10 summers c l a s s i f i e d as moderate. The c l a s s i f i c a t i o n s were based 
on averages of summer r a i n f a l l at a l l s t a t i o n s in the Major Effect and Minor 
Effec t Areas of F ig . 1. 
F ig . 7 shows the s p a t i a l r a i n f a l l p a t t e r n s for each of the th ree 
c l a s s i f i c a t i o n s . Comparison of F igs . 7a and 7b shows t h a t t he wet-summer 
and moderate-summer p a t t e r n s are s t r i k i n g l y s i m i l a r to each o the r and to the 
average r a i n p a t t e r n s of F ig . 2. This is an i n d i c a t i o n t h a t if an urban 
e f f e c t e x i s t s , i t i s opera t ing during both types of summers. However, the 
dry-summer p a t t e r n of F ig . 7c shows a pronounced depar ture from the wet and 
moderate d i s t r i b u t i o n s with the region of r e l a t i v e l y heavy r a i n f a l l d i sp laced 
to the nor th of the c i t y and r e l a t i v e l y l i g h t r a i n f a l l in the area of the 
downwind high in F i g s . 2, 7a, and 7b. The change in p a t t e r n c h a r a c t e r i s t i c s 
in dry summers could r e s u l t from 1) an i n s i g n i f i c a n t urban e f f e c t in these 
summers, so t h a t the downwind high is e l i m i n a t e d ; 2) a negat ive urban e f f e c t 
on the r a i n f a l l p r o c e s s ; or 3) s h i f t s in the urban e f f e c t , perhaps due to 
changes in c i r c u l a t i o n , predominant storm t y p e s , or e f f ec t ivenes s of c e r t a i n 
urban f a c t o r s (hea t i s l a n d , nuc lea t ion p o t e n t i a l , e t c . ) . 
Figure 7. Isohyetal patterns of wet, moderate, and dry summers in St. Louis area, 1941-68. 
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Examination of p r e c i p i t a t i o n r a t i o s for the t h r e e c l a s s i f i c a t i o n s of 
F ig . 7 revea led t h a t the average r u r a l / u r b a n r a t i o s in the Major Ef fec t Area 
during dry summers were equal to or g r e a t e r than those in the wet and moderate 
summers, although a l l t h r e e r a t i o p a t t e r n s were s i m i l a r to those o f a c t u a l 
r a i n f a l l in F ig . 7. The pronounced change between the wet-moderate p a t t e r n 
and dry summer p a t t e r n was, t h e r e f o r e , not the r e s u l t of e l im ina t ing the b a s i c 
urban-downwind r e l a t i o n , but r a t h e r of a d i s t i n c t change in the r e l a t i o n 
between the urban r a i n f a l l and r a i n f a l l to the north and south of the c i t y . 
Table 9 shows average r a t i o s in var ious areas during wet and dry summers, 
along with the 1941-68 average for a l l years combined. The CEN-EDG average 
was computed to por t r ay r e l a t i o n s near the cen te r of the normal downwind high 
r a i n f a l l zone (F ig . 2 ) , and the EDV-ALT combination provides a measure of 
condi t ions north of the c i t y where a pronounced change in the r u r a l / u r b a n 
r a t i o occurs between the wet-moderate and the dry summers (F ig . 7 ) . 
Table 9. Average r a i n f a l l r a t i o s in wet and 
dry summers during 1941-6 8. 
Average r a t i o s to c i t y 
Area Wet years Dry yea r s Al l years 
Major Effect 1.08 1.12 1.07 
Upwind Control 0.97 1.17 0.98 
Downwind Control 0.90 1.21 0.97 
CEN-EDG 1.10 1.12 1.09 
EDV-ALT 0.96 1.29 1.02 
Table 9 shows t h a t the average r a i n f a l l r a t i o s are very s i m i l a r in 
most areas during wet yea r s and for the t o t a l 28-year sampling pe r iod . In 
a l l c a s e s , the r a t i o i nc rea se s from the wet -year sample to the dry-year 
sample, and t h i s i nc rease is pronounced in the two con t ro l areas and in the 
EDV-ALT a r ea . A pos s ib l e explana t ion for t h i s change is t h a t an urban 
e f f e c t i s i n t e n s i f y i n g the n a t u r a l r a i n f a l l wi th in and downwind of the c i t y 
in wet to moderate summers, bu t is suppress ing the r a i n f a l l wi th in and 
immediately downwind of the c i t y in dry summers with maximum suppress ion 
wi th in the urban a rea . If suppress ion were taking p lace during dry summers 
as suggested above, the r a t i o s in the Major Effect Area would tend to inc rease 
somewhat. However, such an urban-downwind suppress ion would r e s u l t in a 
s h i f t of i s o h y e t a l p a t t e r n , as shown in F ig . 7 . Thus, the s h i f t to h ighe r 
r a i n f a l l amounts nor th and south of the c i t y could be the r e s u l t of t h e i r 
being ou t s ide an urban suppress ion zone in dry summers. The Upwind and Downwind 
Control Areas would be expected to have increased r a t i o s in the dry summers 
a l s o , as shown in Table 9, because any urban suppress ion mechanism would not 
a f f ec t these areas e i t h e r . Urban r a i n f a l l suppress ion during dry summers could 
be r e l a t e d to above-normal evaporat ion of r a i n between clouds and ground in the 
predominantly l i g h t r a i n s over the excess ive ly hot c i t y (heat i s l a n d ) during 
such p e r i o d s . 
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Dur ing wet and m o d e r a t e summers , i n t e n s i f i c a t i o n o f r a i n f a l l w i t h i n 
t h e c i t y would t e n d t o s u p p r e s s t h e r a t i o s i n t h e two c o n t r o l a r e a s and i n c r e a s e 
i t i n t h e Major E f f e c t A r e a where t h e i n t e n s i f i c a t i o n m a x i m i z e s , a s suming t h e 
n o r m a l c l i m a t i c d i f f e r e n c e s i n summer r a i n f a l l be tween t h e t h r e e a r e a s i s 
i n s i g n i f i c a n t . A p o s s i b l e e x p l a n a t i o n f o r t h e r e l a t i v e l y low r a t i o i n t h e 
Downwind C o n t r o l Area i n w e t y e a r s i s t h a t m a x i m i z a t i o n o f a n u rban e f f e c t i n 
t h e Major E f f e c t Area r e s u l t e d i n a compensa t i ng d e c r e a s e o f r a i n f a l l downwind 
o f t h e i n a d v e r t e n t r a i n f a l l m o d i f i c a t i o n due t o dynamic r e a c t i o n s . 
A s a n e f f o r t t o o b t a i n f u r t h e r i n f o r m a t i o n o n t h e above h y p o t h e s i s o f 
w e t - d r y summer r e l a t i o n s , a n a n a l y s i s was made o f t h e p e r c e n t a g e o f t h e t o t a l 
1941-68 summer r a i n f a l l o c c u r r i n g i n t h e 9 w e t t e s t and 9 d r i e s t y e a r s a t each 
s t a t i o n i n t h e Major and Minor E f f e c t Areas o f F i g . 1 . The p u r p o s e was t o 
d e t e r m i n e w h e t h e r t h e c i t y and Major E f f e c t had a l o w e r p e r c e n t a g e o f t h e i r 
2 8 - y e a r t o t a l i n t h e 9 d r i e s t summers t h a n d i d t h e c o n t r o l a r e a s . C o n v e r s e l y , 
i n t h e 9 w e t t e s t summers , t h e c i t y and Major E f f e c t Area would b e e x p e c t e d t o 
r e c e i v e a h i g h e r p e r c e n t a g e o f t h e i r 2 8 - y e a r t o t a l s t h a n d i d t h e c o n t r o l a r e a s . 
R e s u l t s summarized i n Tab le 1 0 s u p p o r t t h e h y p o t h e s i s t h a t r a i n f a l l i s 
i n t e n s i f i e d i n we t y e a r s and s u p p r e s s e d i n d r y y e a r s i n t h e u r b a n a r e a and 
Major E f f e c t A r e a . When s t a t i o n a v e r a g e s i n each a r e a a r e combined , t h e l o w e s t 
p e r c e n t a g e i n d r y y e a r s o c c u r s i n t h e c i t y , f o l l o w e d c l o s e l y b y t h e Major E f f e c t 
A r e a , and s u b s t a n t i a l l y g r e a t e r p e r c e n t a g e v a l u e s o c c u r i n t h e c o n t r o l a r e a s . 
The o p p o s i t e r e l a t i o n s h i p o c c u r s i n we t summers , w i t h maximum p e r c e n t a g e i n t h e 
Major E f f e c t A r e a , f o l l o w e d c l o s e l y b y t h e c i t y , and c o n s i d e r a b l y l o w e r v a l u e s 
i n t h e c o n t r o l a r e a s . 
T a b l e 1 0 . P e r c e n t o f a v e r a g e summer r a i n f a l l b a s e d on 9 w e t t e s t and 
9 d r i e s t y e a r s a t each s t a t i o n d u r i n g 1941-6 8 . 
Area a v e r a g e p e r c e n t a g e 
Area Wet y e a r s Dry y e a r s 
Major E f f e c t 149 59 
Upwind C o n t r o l 142 63 
Downv/ind C o n t r o l 139 65 
C i t y 148 57 
CEN-EDG 149 5 8 
EDV-ALT 140 65 
A n a l y s e s were made t o a s c e r t a i n t h e c o n s i s t e n c y i n l o c a t i o n o f c e n t e r s 
o f l i g h t and h e a v y summer r a i n f a l l i n t h e Major E f f e c t and Minor E f f e c t A r e a s . 
For t h i s p u r p o s e a r ank s c o r i n g was a p p l i e d t o a l l s t a t i o n s i n t h e s e two a r e a s 
e x c e p t GC whose r e c o r d was i n c o m p l e t e . In t h e s t a t i o n r a n k i n g s , a s c o r e of 3 
was a l l o w e d f o r f i r s t , 2 f o r s e c o n d , and 1 f o r t h i r d . I n t h e wet-summer and 
modera te -summer s a m p l e s , r a n k i n g s were a c c o m p l i s h e d f o r e a c h y e a r from h e a v i e s t 
t o l i g h t e s t r a i n f a l l t o t a l s . I n t h e 9 d ry summers , r a n k i n g s were made from 
heavy t o l i g h t r a i n f a l l and t h e n from l i g h t t o heavy a m o u n t s . 
R e s u l t s a r e summar ized i n T a b l e 1 1 which shows t o t a l s c o r e s f o r each 
d a t a s t r a t i f i c a t i o n . I n we t summers , n o s i n g l e s t a t i o n was o u t s t a n d i n g l y t h e 
w e t t e s t i n t h e s c o r i n g s y s t e m . O v e r a l l , t h e COL-EDG a r e a a p p e a r s t o have 
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b e e n t h e most f a v o r e d c e n t e r o f heavy r a i n f a l l i n t h e w e t summers, f o l l o w e d 
c l o s e l y by t h e EST-MIL r e g i o n . The u rban a r e a (STL-UNI) was r a r e l y a h i g h 
r a i n f a l l c e n t e r . In mode ra t e summers , t h e COL c e n t e r was a g a i n p r e s e n t and 
t h e u rban a r e a r ema ined low i n s c o r i n g . I n t h e two s e t s o f s c o r e s f o r d ry 
summers , t h e EDV-ALT r e g i o n was c o n s i s t e n t l y we t ( w e t - d r y s c o r e s ) , w h e r e a s 
t h e u rban a r e a (STL-UNI p r e d o m i n a t e d in d r y n e s s ( d r y - w e t s c o r e s ) . The EST-MIL 
r e g i o n r a n k e d s e c o n d i n s c o r i n g i n b o t h wet and d r y summers. From t h i s r a n k 
s c o r e a n a l y s i s , i t i s conc luded t h a t c e n t e r s o f heavy and l i g h t r a i n f a l l have 
a t e n d e n c y t o p e r s i s t from y e a r t o y e a r i n r e l a t i v e l y s m a l l s e c t o r s w i t h i n t h e 
Major E f f e c t and Minor E f f e c t A r e a s . C o n s e q u e n t l y , t h e p a t t e r n c o n f i g u r a t i o n s 
o f F i g . 7 a r e n o t t h e r e s u l t o f o c c a s i o n a l v e r y w e t o r d ry summers. 
Tab le 1 1 . Rank s c o r e s f o r summer r a i n f a l l i n w e t , d r y , and 
modera t e y e a r s d u r i n g 1941-6 8 . 
Dry years 
S t a t i o n Wet years Moderate yea r s Wet-dry Dry-wet 
EDV 4 6 10 0 
COL 10 13 2 6 
BLV 2 3 3 3 
EDG 9 5 4 1 
CEN 5 8 5 2 
MIL 8 6 2 9 
EST 8 5 6 6 
STL 0 3 0 6 
UNI 2 3 1 13 
ALT 5 5 13 3 
WAT 1 3 8 5 
RAIN-DAY AND WEEKDAY-WEEKEND RELATIONS 
An a n a l y s i s was made of t h e 19 51-6 8 r a i n - d a y f r e q u e n c i e s in t h e S t . L o u i s 
a r e a t o s e a r c h f o r o t h e r e v i d e n c e o f a n u rban e f f e c t . Th i s a n a l y s i s was b a s e d 
o n a v e r a g i n g p o i n t d a t a f o r f o u r s t a t i o n s i n each o f t h e v a r i o u s a r e a s shown i n 
F i g . 1 . R e g i o n a l a v e r a g i n g a l l o w s e s t a b l i s h m e n t o f t h e " c l i m a t i c b a c k g r o u n d " 
(from c o n t r o l - a r e a v a l u e s ) , which might b e due t o o r o g r a p h i c , l o n g i t u d i n a l , 
a n d / o r mar ine i n f l u e n c e s . Th i s i s a n e c e s s a r y p r e r e q u i s i t e t o n u m e r i c a l 
e v a l u a t i o n o f t h e e f f e c t - a r e a v a l u e s . F u r t h e r m o r e , a r e a l a v e r a g e s smooth o u t 
t h e i m p a c t o f anomalous v a l u e s from any s i n g l e s t a t i o n t h a t might have p o o r 
o b s e r v a t i o n s . R e s u l t s a r e summarized in T a b l e 12 f o r t h e warm o r c o n v e c t i v e 
s e a s o n ( A p r i l - O c t o b e r ) f o r 4 r a i n c l a s s e s . A l so shown i s t h e p e r c e n t o f t h e 
t o t a l number o f r a i n days o c c u r r i n g o n weekdays ( M o n d a y - F r i d a y ) . 
I n t h e warm s e a s o n , t h e Major E f f e c t Area had s u b s t a n t i a l l y more r a i n 
days t h a n a l l o t h e r a r e a s i n t h e 0 . 2 5 - and 0 . 5 - i n c h c l a s s e s , and more t h a n 
t h e Downwind C o n t r o l i n t h e two l i g h t e r r a i n c l a s s e s . Average v a l u e s were 
t h e n o b t a i n e d f o r t h e combined Upwind C o n t r o l and t h e Downwind C o n t r o l t o 
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provide the climatic background values. It was found that in an average 
5-year period the Major Effect Area had an added 10 days of measurable r a i n f a l l , 
3 more of ≥0.1 inch, 9 more of ≥0.25 inch, and 6 more of ≥0.5 inch. Thus, 
greater than normal climatic frequency of daily r a i n f a l l of a l l magnitudes 
occurred in the Major Effect Area, but the difference was most pronounced on 
days of moderate to heavy r a i n f a l l . 
Table 12. Point r a i n f a l l frequencies during warm season 
in St. Louis area, 1951-1968. 
Upwind Control Minor Effect Major Effect Downwind Control 
Number of Days ≥0.01" 1030 1060 1035 966 
Percent on Weekdays 71 72 72 71 
Number of Days ≥0.10" 731 716 730 713 
Percent on Weekdays 72 72 73 72 
Number of Days ≥0.25" 469 492 506 480 
Percent on Weekdays 70 73 75 71 
Number of Days ≥0.50" 272 277 294 272 
Percent on Weekdays 70 72 72 71 
Day-of-the-week differences in rain-day frequencies are important in 
establishing that the localized anomalies in rainfall are not due to some local 
physiographic or marine factors which would be a local effect operating every 
day (Lawrence, 1971). Inspection of the warm season weekday percentages in 
Table 12 reveals that the expected weekday frequency of 71% is exceeded in all 
rain classes in the Minor and Major Effect Areas. Also, the Major Effect 
percentages are all higher than the "climatic background" values of the upwind 
control and the downwind control regions. The Binomial test was used to test 
the differences between the actual and expected frequencies of rain days during 
weekdays for each of the 4 areas. The Binomial and Optimal C-alpha tests were 
used to test for differences in the weekday frequencies between areas. 
Results for the category of rain days in the ≥0.25 inch class appear in 
Table 13. In addition, the smoke-haze day frequencies at St. Louis, which can 
be used as an index of pollution and potential rain nuclei available, were 
tested for weekday differences. 
Table 13. Values of "t" for the Binomial test of proportions of the 
differences between expected and actual frequencies of ≥0.25-inch 
rain days on weekdays in St. Louis area, 1951-68. 
St. Louis 
Upwind Minor Major Downwind smoke-
control effect effect control haze days 
t value -.51 .56 2.02 .02 3.64 
1- ta i l prob­
a b i l i t y tha t 
difference is — .29 .02 >.45 <.01 
due to random 
chance 
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These results reveal that the Major Effect Area had significantly more 
rain days on weekdays than expected. The number of smoke-haze days on weekdays 
was also greater than expected. The probabilities that these differences were 
due to random chance were 0.02 and 0.01, respectively. The Binomial and the 
C-alpha test for differences between proportions in the various areas yielded 
probabilities of 0.05 for differences between the frequency of rain days in the 
Upwind Area and the Major Effect Area. 
Huff and Changnon (1970) have presented the frequency of ≥0.25 inch days 
for each day of the week in the four areas and the smoke-haze day frequency for 
each day of the week. Their results revealed: 1) that the Major Effect Area 
values on each of the five weekdays exceeded those of the two control areas and 
the Minor Effect Area, 2) there are no differences in the daily values of the 
4 areas on either Saturday or Sunday, and 3) the smoke-haze days minimized on 
Sunday and maximized on Wednesday, Thursday, and Friday. 
Translation of the percentage values in Table 12 to actual numbers reveals 
that the average daily number of 0.25-inch days, based on 18-year totals in the 
Major Effect Area, was 75 rain occurrences on weekdays compared with 65 occurrences 
on a weekend day (Saturday or Sunday). Comparable values for the Upwind Control 
Area region are 66 (weekday) and 69 (weekend day), and in the Downwind Control 
are 68 and 68. 
Similar weekday-weekend relations were found in the analyses of daily 
rainfall amounts. As shown in an earlier paper (Changnon, et al., 1971), the 
Major Effect Area had a greater daily average rainfall during the warm season 
than either control area on all days, but the percentage difference was greatest 
on the weekdays. Thus, the Major Effect Area averaged 11% more rainfall on 
weekdays than tne two control areas compared with 4% greater on weekends. The 
weekday-weekend differences in rain-day frequencies and rain quantity in the warm 
season are considered to be strong evidence that the downwind rainfall high in 
that season is urban-induced rather than resulting from local topographic or 
marine effects. 
Results of the cold season analysis (November-March) of rain days at 
St. Louis provided little evidence of urban industrial effects on precipitation 
during this season. Although a slight increase in the total number of rain days 
was found in the Major Effect Area, no significant difference was noted in the 
weekday-weekend comparisons. Frederick (19 70) presented day-of-the-week 
rainfall for the St. Louis city station for a long period (1921-61), and these 
values indicated that the 50-year average cool season rainfall on a weekend 
day (Saturday-Sunday) was 101.31 inches as compared to a weekday rainfall 
average of 111.01 inches, a 10% increase on weekdays. 
FREQUENCY OF HEAVY RAINSTORMS 
If urban areas intensify or moderate naturally occurring heavy rainstorms, 
the frequency and magnitude of flood-producing storms will differ from those 
experienced in suburban and rural areas in the same rainfall climate, and 
would affect the design requirements for urban sewer systems. Since little 
(if any) information on this subject is available, a study was undertaken to 
determine if the St. Louis urban effect extended to extreme rainfall events. 
In this study, comparisons were made of the frequency distribution of 
daily rainfall amounts equalling or exceeding 2.0, 2.5, and 3.0 inches in the 
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urban and surrounding areas. These daily rainfalls are infrequent enough to 
be classified as heavy storms but supply sufficient samples over 10-20 years 
to provide statistical significance. Data for the 1949-68 period were used, 
since the sampling density maximized in the St. Louis region during this period 
and provided the most reliable estimates of the heavy rainfall distribution. 
Results of this study are summarized in Table 14, which shows the average 
number of occurrences in the Major Effect Area, the city, and the two control 
areas for each intensity class. The ratio of the number of occurrences in the 
Major Effect Area to the number in each of the other areas is also shown for 
each category. Table 14 provides evidence of an urban-induced increase in the 
frequency of heavy daily rainfalls of 2 to 3 inches, but also indicates very 
little urban effect associated with the extremely heavy rainstorms producing 3 
inches or more. According to Hershfield (1961), a 24-hour rainfall of 3.5 inches 
will occur on the average of once in 2 years at St. Louis. On the basis of this 
statistic, the above results indicate that the urban effect should have little 
influence on design considerations for urban storm sewer systems and other 
hydraulic structures. 
DIURNAL RELATIONS 
The diurnal rainfall distribution was studied to define more closely the 
time distribution characteristics of the apparent urban effect and to obtain 
additional evidence of its causes. Concurrent recording gage data available 
during the 1952-65 period at an Upwind Control station (APT), an urban station 
(STL), and a Major Effect station (BLV) were used. From these data, seasonal 
values of hourly rainfall and hourly rainfall differences between stations were 
calculated. 
The most interesting feature in the diurnal distributions was in summer 
when the most pronounced urban effect, as indicated by the station rainfall 
differences between the upwind control and downwind major effect stations (BLV-APT), 
occurred during the period of maximum diurnal heating. This is illustrated in 
Fig. 8, which shows 3-hour moving averages of total rainfall at BLV and rainfall 
differences between BLV and APT. The total rainfall distribution agrees closely 
with the climatic average for this area (Huff, 1971). 
Occurrence of the maximum positive difference in the 3-hour period ending 
at 1700 CST suggests that stimulation of updrafts in clouds moving over the 
relatively hot city (heat island) augments the natural rainfall in the Major 
Effect Area. In Fig. 8, the rainfall at APT is greater than at BLV from early 
Table 14. Frequency of heavy rainfalls, 1949-68. 
Number of occurrences Ratio, Major Effect to other areas 
Area  
Major Effect 38 16 8 
Urban (STL-UNI) 24 13 8 1.58 1.23 1.00 
Upwind Control 27 12 7 1.41 1.33 1.14 
Downwind Control 31 14 7 1.23 1.14 1.14 
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morning to early afternoon. This is most likely a climatic anomaly in view 
of Fig. 6 which shows that APT would receive more summer rainfall than BLV in 
the absence of an urban effect. This also could account for the early evening 
reversal in the difference trend of Fig. 8 (end of heat convection period). 
The secondary maximization of differences at night in Fig. 8 is indicative of 
a possible urban intensification of nocturnal thunderstorms that appear to be 
responsible for the early morning peak in the natural rainfall distribution 
(Huff, 1971). 
Comparison of summer diurnal curves between BLV and STL also showed the 
afternoon and nocturnal maxima of differences (BLV-STL), as did the comparisons 
between STL and APT (STL-APT), although the differences were not as pronounced 
in the latter comparison. Examination of diurnal curves for winter provided 
little evidence of any urban effect. The BLV-APT differences were generally 
positive throughout the day, as expected from the regional climatic gradient. 
Spring showed the same general diurnal trends in rainfall differences as summer, 
but they were less pronounced. Fall trends were more similar to winter, and 
no substantial evidence of a diurnal difference in urban effects could be 
determined from the curves. 
SYNOPTIC WEATHER ANALYSES 
Storm rainfall data for summer during the last 10 years of the sampling 
period (1959-68) were stratified according to basic synoptic weather types to 
search for differential urban effects. Since earlier analyses had indicated 
the downwind high resulted largely from intensification of moderate to heavy 
daily rainfalls, this study was restricted to storms in which one or more 
stations in the four basic study areas (Fig. 1) recorded storm rainfall of 
0.25 inch or more. This provided a sample of 213 storms during the 10 year 
period. 
Results indicated that the summer downwind rainfall high resulted 
primarily from a strong tendency for rain from cold front storms to maximize 
in the Major Effect Area. A less pronounced trend was found also for squall-line 
storms to maximize in the Major Effect Area, which is not surprising since the 
most common occurrence of these storms is in conjunction with advancing cold 
fronts. The pattern of average storm rainfall in the 51 cold front storms 
(Fig. 9) is similar to the average summer rainfall patterns (Fig. 2). 
Further comparison of synoptic storm types and urban effects is presented 
in Table 15. In the upper part of this table the average rainfall in each of 
the four major storm types is shown for the two effect areas and the two control 
areas. Table 15 shows that nearly 50% of the total rainfall in all four areas 
resulted from cold fronts and squall lines, so that maximization of these storms 
in the Major Effect Area dictated the general pattern of summer rainfall to a 
large extent. However, the major dominance of the Major Effect Area was with 
cold fronts which produced average storm rainfall in this area that was 28% 
greater than in the Upwind and Downwind Control Areas. Although air mass storms 
were the most frequent type, storm amounts average only about one half of the 
frontal storm averages. Reference to 1959-68 patterns for the various synoptic 
storm types showed the presence of a rainfall low in and/or upwind of the city 
with all types. 
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Figure 8. BLV-APT comparisons in summer, 1952-68. 
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Figure 9. Summer rainfall pattern for cold front storms 
in St. Louis area. 
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Table 15. Storm rainfall distribution by synoptic type in 213 storms 
with one or more stations 0.25 inch during summer, 1959-68. 
Average storm rainfall (in.) for given storm types 
Area Cold Fronts Squall Lines Static Fronts Air Mass 
Major Effect 0.55 0.51 0.49 0.26 
Minor Effect 0.44 0.46 0.51 0.23 
Upwind Control 0.42 0.48 0.54 0.21 
Downwind Control 0.44 0.43 0.50 0.25 
Station Median 0.45 0.47 0.51 0.24 
Number of Storms 51 40 40 69 
Percent of 213-storm total rainfall for given storm types 
Cold Fronts Squall Lines Static Fronts Air Mass 
Major Effect 30 22 21 19 
Minor Effect 26 21 23 19 
Upwind Control 25 22 25 17 
Downwind Control 27 20 24 19 
THUNDER-DAY AND HAIL-DAY RESULTS 
Evaluation of available thunder and hail records showed that in addition 
to the two first-order stations (STL and APT), 8 cooperative substations within 
80 miles of St. Louis had quality thunder data for 12 years or longer in the 
1901-68 period. Eighteen cooperative substations had quality hail data for 
17-year or longer periods, and the locations of these stations are shown in 
Fig. 1. 
Thunder Days 
Data for four stations nearest to St. Louis with the longest continuous 
records of thunder were analyzed and the summer values for the 1942-69 period 
are presented in Fig. 10 to exhibit the temporal trends. General similarity 
in the curves for the three St. Louis stations is evident in the 1938-45 
period, but thereafter, marked upward changes in frequency are apparent at 
STL and UNI. Downwind, BLV (Fig. 1) from 1949 (the start of quality records) 
to 1956 had values which agreed with those upwind at APT, but after 1956 the 
BLV values also began to increase. Unfortunately, cessation of the thunder-day 
records at BLV occurred in 1964 and at STL and UNI in 1959. Nevertheless, the 
time-trend results reveal that stations in St. Louis and immediately downwind 
underwent marked increases in summer thunder days that generally began in the 
1946-56 period. Summer thunder-day values over the city as compared to the 
APT represented increases of 20 to 25%. 
The availability of only 10 thunder-day data stations , several without 
overlapping quality data periods, made mapping of the average thunder-day 
patterns difficult. However, a short-period pattern was derived for 1951-5 8 
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because six of the stations in the immediate St. Louis area had quality records 
for this period. STL had the highest average with 24 thunder days (Fig. 11). 
Spatial patterns for other seasons are not presented because of their general 
uniformity. The predominance of apparent urban-effect thunderstorms in the 
summer season at St. Louis has been revealed elsewhere (Changnon, et al. , 1971). 
Using available data for the 1941-68 period, average thunder-day patterns 
were derived for the 9 wettest summers, 9 driest summers, and the 10-near-normal 
rainfall summers in the 1941-68 period. An urban high was found in all types 
of summers, but was greatest in the wet summers. However, the urban high 
extended farther downwind of EDW and BLV in the dry summers. 
Data from the entire period of joint operation of the STL and APT 
first-order stations (1939-57) were used to compare "solo" thunderstorm days. 
Solo days were those when one station had thunderstorms and the other had none. 
The summer APT solo values were considered to represent natural (rural) 
unaffected frequencies, and differences between these and the STL (urban) solo 
frequencies are considered indicative of urban effects. As shown in Table 16, 
there were 724 days with thunderstorms at both stations, but STL had 37 more 
solo days in 19 years, a difference that tested as not significant. However, 
the difference in the summer season of 38 thunder days, an average of two per 
year and an increase of 57%, was quite significant. 
Table 16. Total and solo thunder-day frequencies for upwind 
airport station and city station, 1939-57. 
Airport Percentage Significant 
Thunder-days City solo solo difference t scores with 
at both thunder thunder in solo days level in 
Season stations days days City ÷ Airport brackets, 1 tail 
Winter 33 8 6 +33 Not significant 
Spring 236 42 57 -26 Not significant 
Summer 344 105 67 +57 2.492 (0.025) 
Fall 111 36 24 + 50 1.336 (0.10) 
Annual 724 191 154 +24 Not significant 
In the 1950-June 1958 period STL had 62 solo summer thunder days, whereas 
the APT had only 28, a difference of 34 days, an average of four per summer. 
Thus, most of the summer solo day difference existed in the latter portion of 
the period of joint operation of these two stations. Inspection of their 
frequencies by the four 6-hour periods of the day in the 1950-58 period appears 
in Table 17. Decidedly larger ratios occur in the 6-hour periods ending at 
0600, 1200 and 1800, indicating that the urban effects are active during the 
early morning and daytime periods. The apparent urban effect on localized 
thunderstorm occurrences in the morning hours agrees with the La Porte findings 
(Changnon, 1968). 
Figure 10. Summer thunder days, 5-year moving totals. 
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Figure 11. Pattern of average summer thunder days 
in St. Louis area, 1951-68. 
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Table 17. Temporal distribution of solo summer thunderstorms at St. Louis 
City (urban-only) and Airport (rural-only) for 1950-58. 
Solo                                 No. of thunderstorms/6-hr period 
Thunderstorm 
Days 00-06 06-12 12-18 18-24 
City 18 10 23 11 
Airport 6 4 8 10 
Ratio, C/A 3.0 2.5 2.9 1.1 
Hail Days 
Point-to-point comparisons of hail-day frequencies to derive meaningful 
temporal trends are difficult because of the low point incidence of hail. 
Therefore, regional total hail-day frequencies for the 1944-63 period (one 
with several stations with quality data) were determined from totals at three 
"upwind stations", and these were compared with those developed from three 
"downwind stations". The 5-year totals for these two areas (Fig. 12a) show 
that the total for the 1944-48 period was 14 at the Major Effect Area stations, 
as compared to 26 hail days in the 3-station Upwind Area. In the succeeding 
5-year periods, the Major Effect Area had many more total hail days (8 in 
1949-53, 27 in 1954-58, and 14 in 1959-63). Comparisons of the summer hail 
results (Fig. 12b) with the summer thunder-day temporal results (Fig. 10) 
reveals that the apparent urban-related increases in thunderstorms began around 
1945 and the hail-day increases began in the late 1940's. 
The spatial analyses of average annual and summer hail-day patterns 
(Fig. 13) were based on available data for 1949-65, the most recent period 
with a large number of stations with quality data. The marked downwind 
increases in summer hail days is clearly revealed with 15 days at EDW and 13 
at BLV. Non-summer hail values in the area were very uniform during this 
17-year period with September-May values at the APT of 36 days, 32 at UNI, 38 
at STL, 35 at BLV, and 38 at EDW. The high hail-day values to the north are 
a part of a macroscale high incidence area extending from Missouri across 
south-central Illinois (Huff, 1961; Stout and Changnon, 1968). 
Average hail-day patterns for the 9 driest summers, 9 wettest summers, 
and 10 near-normal rainfall summers in the 1941-68 period were derived. 
Downwind maxima were found in all types of summers, with the maxima to the NE 
of the city (EDW) in the wet and near-normal summers, but to the SE in the 
dry summers. 
Comparisons of the seasonal hail-day values of the upwind APT, STL 
(Minor Effect Area) and EDW in the Major Effect Area (Fig. 1) were performed 
to test for any statistical significance in their differences. Data employed 
were from the 1939-63 period when quality hail data were collected at all 
stations. Differences between the APT and STL values were slight and insignificant. 
Differences in STL vs EDW and APT vs EDW hail-day values in fall, winter, and 
spring also were not significant, but the EDW summer value was significantly 
different. For example, in this 25-year period there was one summer day with 
hail at both the APT and EDW, but there was hail only at EDW on 17 days as 
compared to hail only at APT on four days. This 13-day difference in "solo" 
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Figure 12. Average 5-year frequency of hail days 
in upwind and downwind areas (based on 
3 stations in each area). 
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Figure 13. Hail-day patterns in St. Louis area, 1949-65. 
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hail days produced a t-value for the Binomial test of 2.695 which was 
significant at the 0.01 (1-tail) probability level. Apparent urban-related 
increases in hail occurred at all stations 5 to 20 miles downwind of St. Louis, 
but were not apparent at the urban station (STL) where thunder-day increases 
were noted to maximize. 
The urban-related increases in hail days, as were the thunder increases, 
were largely restricted to the summer season. The summer hail-day frequencies 
at points downwind of St. Louis during the 1955-65 period were 100-200% greater 
than the point frequencies in and west of St. Louis. These large percentage 
increases in hail days at St. Louis are similar to those found at La Porte 
(Changnon, 1968). Comparison of the actual increases in the summer frequencies 
of thunder days and hail days is revealing. The 1950-58 summer increases at 
STL in thunder days averaged four per year, and because this is an areal 
sampling at a point due to 6-mile audibility of thunder (Brooks, 1925), it 
represents an additional four thunder days (20% more than in no-effect area) 
over a 113-mi2 area. The Major Effect Area, as defined by three points 
(Fig. 12), encompassed an area of 150 mi2, and the area hail-day increase in 
the 1950-58 period was eight (9 upwind vs 17 downwind), an average of nearly 
one day per year. Thus, on a regional basis, the average summer increase in 
days with thunder is greater than the hail increase (4 days to 1 day), although 
percentage-wise the hail increase is greater, 189% vs 20%. 
Although no direct cause and effect relationships can be shown for these 
thunder and hail increases and the potential effects from the urban-industrial 
complex at St. Louis, there is reasonably convincing evidence that these severe 
weather increases are urban-related because of the coherence in the temporal 
shifts of hail and thunder plus the juxtaposition of the increases with respect 
to the urban area. 
SUMMARY AND CONCLUSIONS 
Specific atmospheric measurements of urban effects on weather that may 
extend considerably above the ground level and thereby lead to alterations in 
precipitation processes do not exist in historical records. Thus, evaluation 
of an urban effect on surface precipitation is difficult and is left to 
indirect statistical and circumstantial evidence. Assumptions must be made 
that: 1) any urban effect reacts on the local atmosphere so as to produce 
changes in surface precipitation conditions over and/or downwind of the urban 
complex (with downwind defined by the motions and durations of rain-producing 
elements crossing the urban complex), 2) that precipitation conditions in the 
area surrounding the urban and downwind potential effect area are representative 
of the climatic background (no effect), and 3) urban effects on precipitation 
lead to temporal increases detectable during the period of climatic records. 
Data from the basic effect and no-effect areas, whether analyzed on a regional, 
temporal, or point-to-point basis, become the basis for examining spatial and/or 
temporal changes in precipitation at a city. Unfortunately, pattern analyses, 
a primary standard climatic analytical tool, are difficult to test statistically, 
and yet lend themselves to meaningful urban rainfall investigations. 
Statistical tests of regional and point differences can also be applied on 
the basis of the above three assumptions. 
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A detailed climatic study was made of urban effects in the St. Louis 
area, based on long-term records of precipitation, severe local weather events 
(thunderstorms, hail, heavy rainfall), and related weather conditions within 
a radius of 50-75 miles of the central city. Major emphasis was placed upon 
the 1941-68 period when the most satisfactory distribution of raingaging 
stations was in operation. Analyses were made of: total precipitation on a 
monthly and seasonal basis; the frequency and intensity of daily rainfall; 
frequency of thunderstorms, hail, and severe rainstorms; thunderstorm rainfall 
amounts; weekday-weekend occurrence of precipitation (evidence of 
industrial-induced effects); diurnal rainfall distributions; possible 
differential urban effects in wet and dry periods; and, the relationship 
between urban effects and synoptic weather conditions. 
Results of the various analyses led to the conclusion that the 
urban-industrial area of St. Louis definitely affects the distribution of 
precipitation' in and downwind of the central city. Evidence of a localized 
increase in total seasonal precipitation was found in all seasons, but was 
strongest in summer. The center of the urban-induced high is located only 
8-10 miles ESE of the center of the city. This suggests a possible 
intensification of cloud updrafts over the city from the heat island, 
resulting in an accumulation of water aloft, followed by a rapid release of 
accumulated water as the intensifying source disappears east of the city. 
Seasonal time trend analyses indicated an intensification of the urban-induced 
high with progressing time, particularly during the last 10-15 years. 
Spatial analyses of monthly precipitation patterns showed the strongest 
evidence of an urban effect in May, June, July, and August. Indications were 
that rainfall was being intensified both in and downwind of the city in July. 
Time trend analyses of monthly precipitation (April-September) also indicated 
that the downwind high was intensifying with progressing time. 
Analyses were performed to separate the natural and urban components of 
summer rainfall in the St. Louis region. Results indicated that the 
urban-induced increase averaged approximately 10% in the downwind effect area 
during the 1941-68 period with values at individual stations ranging from 6% 
to 15%. 
Analyses of urban effects in relatively wet, dry, and moderate summers 
in the 1941-68 period indicated that urban-effect mechanisms for increasing 
rainfall downwind of the city were most effective in wet summers. In the dry 
summers, evidence was found of an urban-induced suppression effect on the 
naturally-occurring rainfall. 
Studies of daily precipitation and heavy rainstorm occurrences indicated 
that urban-effect mechanisms were most active in increasing rainfall in the 
downwind area on days when the natural rainfall was of moderate to heavy 
intensity. Diurnal analyses indicated that the urban intensification is 
greatest during the afternoon peak of diurnal heating. Analyses of weekday-weekend 
relations in the warm season revealed a statistically significant greater frequency 
of rain occurrences per weekday than per weekend day in the Major Effect Area. 
Furthermore, the Major Effect Area averaged 11% more rainfall on weekdays than 
the two control areas, compared with 4% greater on weekends. Thus, the 
weekday-weekend differences provide strong evidence that the downwind high is 
urban-induced rather than the result of local topographic effects. 
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Synoptic analyses indicated that the summer rainfall high in the Major 
Effect Area results primarily from a strong tendency for rain from cold front 
storms to maximize there. A less pronounced trend was found for squall-line 
storms to maximize in the Major Effect Area. 
Studies of the frequency of thunderstorm days indicated an urban-induced 
increase in and immediately downwind of the central city. This apparent urban 
effect occurred primarily in summer and intensified with progressing time 
beginning in the 1940's. The greatest relative frequency of urban-isolated 
storms existed in the morning hours, suggesting that thermal input from the 
city is a major causative factor. 
Analyses of hail-day occurrences showed a downwind high in the same 
general area as the urban-induced rainfall maximum. The distance lag between 
the appearance of the urban-induced thunderstorm and hailstorm highs would be 
expected in view of the time lag from development of thunderstorms until 
intensification to the hail stage takes place. 
Overall, the results of the St. Louis climatic analyses showed varying 
degrees of summer season increases over but largely downwind of the city in 
all forms of precipitation. Downwind located summer changes in the 1941-68 
period included: 1) average seasonal rainfall (area = +10%, point differences = 
+6 to +15%); 2) average wet season rainfall (point differences = +11 to +18%); 
3) average dry season rainfall (point differences = -5 to -9%); 4) area average 
moderate rain days (+8%); 5) area average heavy rainstorms (+31%); 6) weekday 
(vs. weekend) area rain-day averages (+13%); 7) point differences in average 
afternoon rainfall (43%); 8) average thunder-day frequencies (point differences = 
+20 to +25%); and 9) area average hail-day frequencies (+35%). The summer 
increases in the downwind area in area-average rainfall, rain-day frequencies 
on weekdays, thunder-day frequencies, and hail-day frequencies were all 
statistically significant to 1-tail probabilities ≤0.02. In addition, all 
forms of pattern analyses supported positive departures in the downwind area. 
The simultaneity of all these positive aberrations in a single area located 
adjacent to and downwind of St. Louis reflects a coherence that, although not 
statistically testable as a combination of positive events, together become 
very strong circumstantial evidence of the presence of urban effects on summer 
precipitation. 
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URBAN EFFECTS ON PRECIPITATION AT CHICAGO 
INTRODUCTION 
Earlier studies by Changnon (1968a) indicated a pronounced urban effect 
on precipitation downwind of the large Chicago-Gary industrial complex. The 
Changnon study indicated increases in total precipitation, frequency of 
thunderstorms, and number of hail occurrences with maximization in the La Porte, 
Indiana region, 25-35 miles downwind of the South Chicago-Gary steel industry. 
Earlier work (Huff and Changnon, 1970) also provided evidence of a possible 
urban-induced increase in the frequency of heavy rainstorms in and downwind 
of Chicago and variations in the frequency and amount of precipitation on 
weekdays compared with weekend days. As part of the NSF sponsored research, 
the Chicago study was expanded to provide a more comprehensive evaluation of 
the results obtained in earlier studies through the use of a larger sample 
of climatic stations in northeastern Illinois, northwestern Indiana, and 
southwestern Michigan and incorporation of additional types of analyses not 
performed in the earlier studies. 
Stations used in the study are shown in Fig. 1. Length of record for 
each station is provided in Table 1. In the following pages, the results of 
various analyses performed in both the past and present studies will be 
discussed, summarized, and final conclusions established from integration of 
all information compiled in this climatological research. Basically, the 
Chicago area is more difficult to analyze and evaluate for urban-induced 
precipitation effects than inland cities, such as St. Louis, because of the 
complicating effects of Lake Michigan. 
CLIMATE AND GEOGRAPHY 
Summaries of climatic conditions published by the U. S. Dept. of 
Commerce (1967) indicate that the Chicago climate is predominately continental, 
but the continentality is partially modified by Lake Michigan, and, to a 
lesser extent, by other Great Lakes. Excessive amounts of winter cloudiness 
and frequent snowstorms result from the lake effect. In summer, lake breezes 
are frequent and sometimes reduce the daytime temperature near the shore by 
10° or more below those farther inland. With strong onshore winds the entire 
city may be cooled by the lake breezes, but with light winds the effect reaches 
only 1-2 miles inland. 
The normal mean temperature at Midway Airport (APT in Fig. 1) ranges 
from a low of 26.0°F. in January to a high of 75.6°F. in July. Normal monthly 
precipitation varies from 1.60 inches in February to 4.07 inches in June with 
an annual normal of 33.18 inches. Normal annual snowfall is 38.6 inches of 
which 27.4 inches occurs in the December-February period. About 50% of the 
winter precipitation falls as snow. Prevailing wind direction is from the west 
from December through March. In the other 8 months it ranges from S to SW, 
and is SW during the 3 summer months, June-August. 
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Figure 1. Precipitation stations used in Chicago study. 
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Table 1. Length of Precipitation Records 
at Chicago Area Stations. 
Period of Period of 
Station - Illinois Record Station - Indiana Record 
Antioch 1941-68 Collegeville, St. Jos. Col. 1942-68 
Arlington Heights 1940-62 Culver 1958-68 
Aurora 1870-1968 Gary 19 36-68 
Channahon Dresden Isl. 1941-68 Hobart 1919-68 
Calumet 1951-68 Lakeville 1951-68 
Lakeview 1951-64 La Porte 1894-1968 
Loyola University 1951-66 Lowell 1963-68 
Mayfair 1951-68 Medaryville State Nur. 19 51-68 
North Branch Pump 1951-68 Michigan City 1960-68 
O'Hare Airport 1959-68 Ogden Dunes 1952-68 
Roseland 1951-68 Shelby 1951-68 
Sanitary Dist. Disp. PL 19 51-68 South Bend 1887-1968 
Sanitary Dist. Office 1951-68 Valparaiso 1899-1968 
South Filter 1951-68 Wanatah 1961-68 
Springfield Pump 1951-68 Whiting 1910-61 
Univ. of Chicago 1871-1968 Winamac 1906-68 
Midway Airport 1928-68 
Chicago W.B. City 0. 1871-1968 
Cicero 1934-58 
Crete 1951-68 Michigan 
DeKalb 1880-1968 
Elgin 1907-68 Benton Harbour 1942-68 
Evanston 1951-66 Berrien Springs 1951-68 
Joliet Brandon Rd. Dam 1941-68 Coloma 1944-68 
Joliet 1891-1968 Dowagiac 1940-68 
Kankakee 1911-68 Eau Claire 1923-68 
Kankakee Swg. PL 1951-68 Niles 1943-68 
Lockport 1951-68 South Haven 1895-1968 
Marengo 1855-1968 
McHenry 1951-68 
Morris 19 51-68 
Morris 5N 1912-68 
Newark 8E 1941-64 
Park Forest 19 39-68 
Peotone 1940-68 
Skokie 1951-68 
Stickney 1951-68 
Waukegan 1923-68 
Wheaton 19 36-68 
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The urban area (Fig. 1) is located in relatively flat terrain along the 
southwestern shore of Lake Michigan. Lake Michigan averages 580 ft MSL and 
the urban area is only a few feet higher for the most part. Topography does 
not significantly affect the air flow in or near the city, except for frequently 
stronger winds along the shore due to less frictional drag over the water. 
Within 50 miles of the central city, elevations are within the relatively small 
range of 500 to 850 ft MSL. 
According to the 1970 census, the city of Chicago has a population of 
3,366,957. However, the Chicago-Gary metropolitan area involved in this study 
has a total population of approximately 7,600,000. 
SPATIAL PATTERNS OF SEASONAL PRECIPITATION 
Analyses were made of spatial patterns for the four major seasons. 
Pattern analyses were concentrated primarily on the 1949-68 period when station 
density were adequate for satisfactory definition of the precipitation 
distribution. Fig. 2a shows the average summer rainfall distribution for 
1949-68 in which the peak rainfall was recorded at La Porte (LPT) with a ridge 
extending SSE toward Culver (CUL). Essentially the same isohyetal pattern was 
maintained during the last 10 years of the sampling period, 1959-68 (Fig. 2b). 
Evidence of a secondary high in recent years over the central part of Chicago 
in the CITY-SPR area (Fig. 1) was indicated in various analyses and is visible 
on Fig. 2b. However, it is also suggested by Fig. 2 that the inner city high 
may be an extension of a climatic high located west of the city in the SYC 
region, and, therefore, unrelated to urban effects. 
Analyses of data for four 5-year periods, (1949-53, 1954-58, 1959-63, 
1964-68) were made to evaluate the persistence of the average 20-year pattern 
shown in Fig. 2a. The La Porte high was present in three of the four periods, 
but shifted southward to the Culver region in the 1964-68 period. Except for 
1949-53, the inner city high was also persistent in the CITY-SPR region. 
Other features of the 1949-68 map were present in at least three of the four 
5-year periods. 
Thus, it is concluded that the summer precipitation pattern within a 
60-mile radius of the central city has remained essentially the same during 
the 1949-68 sampling period except for minor fluctuations in location and 
relative intensity. The La Porte high can not be accounted for by topographic 
features, since the area is relatively flat and any lake-induced effect in 
summer would tend to suppress rather than increase the average rainfall on 
the leeward or downwind side. 
The normal summer rainfall pattern for Indiana was constructed from 
U. S. Weather Bureau first-order and cooperative station records and showed 
areas of lower summer rainfall extending west, south, and east of Culver; 
thus, the LPT-CUL high is not part of a larger climatic high. In turn, this 
provides evidence that this high may be related to urban-induced effects 
introduced in the South Chicago-Gary urban-industrial complex, as indicated 
in earlier work (Changnon, 1968a). The La Porte summer peak corresponds 
closely in downwind distance from the potential source with a suspected 
urban-related summer rainfall peak at Cleveland, another lakeshore urban 
complex with similar industrial activity (described later). 
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Figure 2, Svrmer rainfall patterns in Chicago area. 
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The magnitude of the LPT summer high is brought out more clearly in 
Fig. 3 in which precipitation ratios are shown for the two time periods of 
Fig. 2. The ratio was based upon use of average rainfall for CITY and APT 
(representing the city rainfall) in the denominator. Thus, Fig. 3a indicates 
the 1949-68 mean at LPT exceeded the CITY-APT average by over 15% (actually 
17%). Peak rainfall in the secondary high at SYC west of the city was 9% 
greater than the 2-station city mean. Note that stations on the leeward side 
of Lake Michigan (BHB, COL), subjected to the lake stabilizing effect, had 
rainfall that was over 20% less than in the upwind CITY-APT region, and over 
35% less than LPT. Another low extends down the Illinois River Valley southwest 
of the city. The general features of the 20-year pattern are maintained in the 
10-year pattern of Fig. 3b, but the LPT high has a somewhat lower magnitude 
because of the 1964-68 shift in the high's location mentioned earlier. 
Fig. 4 shows winter precipitation patterns for 1949-68 and 1959-68. 
Fig. 5 shows precipitation ratio patterns for these two periods. A pronounced 
high is shown in the LPT area during both periods. Precipitation ratios at 
LPT were 1.49 and 1.48, respectively, in the 1949-68 and 1959-68 periods. 
However, another high of nearly equal magnitude occurred at BHB in Lower 
Michigan on the leeward shores of Lake Michigan in the 1959-68 period and had 
a precipitation ratio of 1.51. The BHB high is considered to be associated 
with lake intensification of storms in winter. However, this raises a question 
as to whether the LPT winter high is lake-induced, urban-induced, or a 
combination of these two external effects. Unfortunately, it is difficult to 
separate these effects in the climatological data. In view of the persistence 
of the LPT high in all seasons, however, it is likely that it is at least 
partially related to urban effects in winter. Changnon (1968b) in a study of 
the precipitation climatology of the Lake Michigan basin calculated an increase 
of approximately 10% in winter precipitation in northwestern Indiana as a 
result of lake intensification of storms. This would then leave a major portion 
of the excessive precipitation in the LPT high to be explained by urban-induced 
precipitation or some other external effects. 
Spring spatial patterns in the 1949-68 period were very similar to those 
for summer with highs and lows in the same general regions. However, the 
LPT high was somewhat stronger in spring than in summer with respect to the 
urban area. Thus, the spring precipitation ratios for 1949-68 and 1959-68 
were 1.26 and 1.20, respectively, compared with summer ratios of 1.17 and 1.13. 
Fall patterns more closely followed the winter patterns than those for 
summer. The LPT/urban precipitation ratios were 1.47 and 1.45 for the 1949-68 
and 1959-68 periods, very close to the winter values of 1.49 and 1.48, 
discussed previously. 
Of the various areas in the Chicago region with persistent tendencies 
for greater than average precipitation in all seasons and time periods, the 
most striking is in the La Porte area and includes VAL, NIL, and CUL on its 
margins. Since this high occurs in all seasons and time periods and since 
La Porte is downwind of the Chicago urban-industrial complex, it seems highly 
likely that it is related to urban effects. In fact, the only negative 
evidence is the 1964-68 shift in location of the La Porte high. During this 
period the high is centered at one or more of the three stations (VAL, NIL, 
CUL) that were on its margins in the earlier periods. Shifting was to the 
east or southeast with the high moving to CUL in summer, to VAL in fall, to 
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Figure 3, Summer precipitation ratios in Chicago area. 
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Figure 4, Winter precipitation patterns in Chicago area. 
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Figure 5. Winter precipitation ratios in Chicago area. 
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NIL, SBD, and CUL in winter, and to NIL and CUL in spring. No firm reason 
has been determined for the 1964—68 shift. One possibility is a shift in the 
location of the urban influence provided that the urban effect is primarily a 
cloud nucleating factor. 
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
Time trend analyses of seasonal precipitation were made to investigate 
possible chronological changes in intensity of precipitation that could be 
related to urban effects in the Chicago region. Trends of the 5-year moving 
averages of both total seasonal precipitation and seasonal precipitation 
ratios were calculated, and regression equations determined for each sampling 
point in which total precipitation and precipitation ratio were related to 
progressing time. The average trend is then represented by the slope of the 
regression for a given sampling period. As indicated earlier, the CITY-APT 
average was used as the denominator (comparison base) in the seasonal 
precipitation ratios. 
Time trend analyses of summer rainfall for the 1931-68 period showed 
a general increasing trend over most of the Chicago region with maximization 
over the urban area. That is, there has been a trend for the city rainfall 
to increase with respect to the surrounding region. This is illustrated in 
Table 2 which shows trend values for summer and winter at four stations 
upwind of the city, three within the urban area, four downwind in northern 
Indiana, and two in southwestern Michigan which are strongly influenced by 
lake effects on the weather. Thus, there was a general increasing trend 
in the regional precipitation during the 38-year sampling period resulting 
from climatic variations, but the stronger trend within the urban area suggests 
the possibility of an urban-induced increase in summer rainfall superimposed 
on the upward climatic trend. This differs from St. Louis where the time 
trend analyses indicated an upward trend in summer rainfall centered 8-10 
miles downwind of the city. 
Fig. 6a to 6c illustrates further the characteristics of the summer 
trends at two key stations in the 19 31-68 period. Fig. 6a shows a relatively 
strong upward trend at the Chicago Midway Airport (APT) with a correlation 
coefficient of 0.66. A nearly identical trend was obtained for CITY in 
downtown Chicago (Fig. 1). Fig. 6b shows very little trend at La Porte (LPT) 
and wide departures from the mean trend line. Fig. 6c illustrates the trend 
of the rainfall ratio between LPT and the urban mean rainfall and shows 
that the summer rainfall in the city has been increasing with respect to 
LPT. This lends support to conclusions by Changnon (1968a) in his La Porte 
paper that the LPT anomaly is real and not related to any observational 
fallacies. 
Fig. 7a shows the summer trend pattern for 1951-68 when the density of 
sampling points, greatly enhanced by the installation of the Chicago urban 
network, was adequate to provide a rather detailed trend pattern in the 
Chicago region. During this 18-year period, a general downward trend occurred 
in the entire region, but this trend was less pronounced over the city than 
in nearby suburban and rural areas. As apparent in Fig. 7a, LPT was located 
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in a SW-NE oriented band of strongly decreasing summer rainfall that 
extended from SW of Chicago to southwestern Michigan during the 1951-68 period. 
This climatologically-related band accounts for the shift in location of the 
summer rainfall peak in the 1964-68 period from LPT southward to CUL, as 
discussed earlier. 
Table 2. Time trend of seasonal precipitation 
during 1931-68 period. 
Station Summer Winter 
Upwind 
WAU +0.016 -0.012 
ELG -0.001 -0.022 
AUR +0.041 +0.004 
J0L +0.051 -0.031 
Urban 
CITY +0.084 +0.016 
APT +0.097 +0.009 
UNI +0.072 +0.010 
Downwind 
LPT +0.004 -0.040 
HOB +0.015 -0.015 
VAL +0.031 -0.033 
SBD +0.022 +0.073 
Southwestern Michigan 
EAU -0.074 +0.062 
SHV +0.013 +0.026 
From Table 2, it is apparent that winter trends in the 1931-68 period 
were upward in the urban area and generally downward upwind and downwind 
of the city. However, at SBN, approximately 50 miles downwind of the 
urban-industrial complex in south Chicago and northwestern Indiana, a 
relatively strong upward winter trend occurred. This same upward trend was 
recorded at the two Michigan stations, EAU and SHV which lie near the center 
of the heavy snow belt on the eastern side of Lake Michigan (Changnon, 1968b). 
South Bend is also within the boundaries of this lake-effect snow belt. 
Eichenlaub (1970) has shown that the lake-effect snowfall has increased 
during the past several decades, particularly in southwestern Michigan and 
northern Indiana. He attributes this increase to a climatic change that 
is partially the result of a general cooling of winter temperatures in the 
region. Thus, it is likely that the SBN trend is related to the snow belt 
climatic change rather than urban-induced effects from Chicago and/or South 
Bend, although this possibility cannot be completely eliminated. 
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Figure 6. Time trends of summer precipitation in Chicago area. 
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Figure 7, Time trends of seasonal precipitation in Chicago area. 
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Table 2 shows that the winter precipitation in the city was increasing 
with respect to the general trend in the upwind and downwind areas, similar 
to the summer situation. Thus, there is evidence of a possible urban-induced 
increase within the city that dampened out the climatic downtrend in 
winter and accentuated the summer upward trend in the 1931-68 period. 
Fig. 7b shows the 1951-68 winter trend pattern. A rather complex pattern 
of up and down trends is indicated throughout the region. Central Chicago 
shows an increase in precipitation with respect to downwind La Porte, which, 
similar to summer, is in a SW-NE band of decreasing seasonal precipitation.. 
Comparison of spring and fall trends diring the 19 31-68 period showed 
that the precipitation in the city of Chicago was increasing with time with 
respect to La Porte in both seasons. However, the difference was greater in 
spring. Overall, the city precipitation has been increasing with respect 
to La Porte in all seasons during the 19 31-68 period, but the increase has 
been greater in spring and summer than in fall and winter. Thus, although 
average seasonal precipitation at La Porte has exceeded the city precipitation 
by relatively large amounts, as shown earlier in the spatial analyses, the 
difference has been decreasing with time. Although La Porte may have had 
its precipitation increases by urban-induced effects for a long period of 
time, there is evidence from the trend analyses that urban influences are 
being reflected more within the city with progressing time. 
FREQUENCY AND INTENSITY OF DAILY PRECIPITATION 
Analyses were made of the daily distribution according to (l) frequency 
of daily amounts and (2) total precipitation. Both analyses were based upon 
daily precipitation amounts stratified into four classes as shown in Tables 3-5. 
Four upwind stations (WAU, SYC, WHE, and JOL) were averaged to obtain a 
representative upwind control value. Similarly, South Bend, Plymouth, and 
Wheatfield (Fig. 1) were selected as downwind control stations. LPT and VAL 
were averaged to obtain a value for the downwind major effect area. APT and HOB 
provided an estimate of the urban minor effect region. Using data for the 
1949-68 period, seasonal averages were obtained for each of the control and 
effect regions for the warm season (April-October) and the cold season 
(November-March). 
Reference to the tabulations in Tables 3-4 shows that the hypothesized 
area of major effect had both more total precipitation and a greater frequency 
of daily precipitation in all intensity categories during both the warm and 
cold seasons in the 1949-68 sampling period. This indicates that if an urban 
effect was wholly or partially responsible for the downwind anomaly in the 
LPT-VAL area it was not restricted to any particular intensity of daily rainfall. 
Ratios of the frequency and amount of precipitation in the Major Effect Area 
to the average of that for the two control areas was calculated to determine 
whether the downwind effect became more pronounced with increasing amounts of 
daily precipitation. Results are presented in Table 5. For total precipitation, 
the ratio increases somewhat with increasing daily intensities in the warm 
season. This supports findings in the St. Louis study and the heavy rainfall 
study for Chicago (discussed in another section) which indicated a more 
pronounced urban effect with increasing storm intensity. However, the cold 
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season ratios for total precipitation indicate an opposite trend; that is, 
a tendency for the percentage increase in the downwind effect area to be less 
on heavier rainfall days. This suggests mechanisms that operate more 
effectively on light precipitation in the cold season which is dominated more 
by large-scale synoptic systems and stable-type precipitation. 
Table 3. Average frequency of daily precipitation in Chicago 
region, 1949-68. 
Daily precipitation (inches) equalled or exceeded 
Area 0.01 0.10 0.25 0.50 
Warm Season (April-October) 
Upwind Control 64 42 27 16 
Urban-Minor Effect 65 43 28 16 
Major Effect 72 48 33 19 
Downwind Control 68 45 29 16 
Cold Season (November-March) 
Upwind Control 41 23 12 5 
Urban-Minor Effect 41 24 12 5 
Major Effect 56 30 16 7 
Downwind Control 47 28 14 6 
Table 4. Average seasonal precipitation in Chicago region, 
1949-68, grouped by daily amounts. 
Total precipitation (inches) for given daily amount 
equalled or exceeded 
Area 0.01 0.10 0.25 0.50 
Warm Season (April-October) 
Upwind Control 24 23 21 16 
Urban-Minor Effect 24 23 21 17 
Major Effect 28 27 25 20 
Downwind Control 24 24 21 16 
Cold Season (November-March) 
Upwind Control 9 9 7 5 
Urban-Minor Effect 10 9 7 5 
Major Effect 13 12 9 6 
Downwind Control 11 10 8 5 
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Table 5. Average precipitation ratios between effect and 
control areas in Chicago region, 1949-68. 
Ratios, effect/control, for given daily precipitation 
Total Precipitation  
April-October 1.17 1.15 1.19 1.25 
November-March 1.30 1.26 1.20 1.20 
Precipitation Frequency 
April-October 1.09 1.06 1.18 1.09 
November-March 1.27 1.18 1.23 1.27 
Ratios for the frequency of daily precipitation in Table 5 do not 
indicate any distinct trend with increasing daily precipitation, and, thus, 
provide evidence that the downwind anomaly in frequency of precipitation 
occurrences is not strongly related to the intensity of daily precipitation. 
Overall, the results of the daily precipitation analyses indicate that 
any urban-induced effect operates on days of light, moderate, or heavy 
precipitation. In the warm season, the effect appears to be somewhat more 
pronounced on days with moderate to heavy rainfall, whereas in the cold season 
the effect maximizes on days of relatively light precipitation. This apparent 
variation in inadvertent modification between seasons indicates a need for 
different seeding techniques in planned weather modification for increasing 
seeding effectiveness on the mesoscale under different synoptic weather 
conditions. The warm season is dominated by unstable convective-type precipitation 
generated by mesoscale systems, whereas the cold season receives a major portion 
of its precipitation from large-scale synoptic systems producing stable-type 
precipitation in the Chicago area (steady or intermittent rain and snow). 
HEAVY RAINSTORM DISTRIBUTION 
At Chicago it was possible to make a more comprehensive study of urban 
effects on heavy rainfall occurrences than at any of the other seven cities 
because of the existence of a network of 14 recording raingages in the urban 
area during the 1949-68 period. The 14-gage network provided a means for 
evaluating intra-urban variations in the frequency distribution of heavy 
storms in addition to urban-suburban-rural comparisons. Downwind analyses 
of urban effects on heavy rainstorms were restricted to the industrialized 
areas in the southern part of the city and nearby Gary, Indiana, because 
most of the city lies along the western shores of Lake Michigan. 
In the heavy rainfall study, comparisons were made of the frequency 
distribution of daily rainfall amounts equalling or exceeding 2.0, 2.5, and 
3.0 inches in the urban and surrounding areas during the 1949-68 period. 
These daily rainfalls are infrequent enough to be classified as heavy storms 
but supply sufficient samples over a period of 10 to 20 years to provide 
statistical significance. 
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There are 8 stations located in the quadrant from south to west within 
22 miles of the inner urban area of Chicago. These include ELG, WHE, AUR, 
LKP, BRA, CRT, PKF, and PEO (Fig. 1). Data from these suburban stations were 
used to help determine the existence of any change in the frequency of heavy 
storms within the urban area and in the downwind effect area centered at LPT. 
As shown by Huff (1967), most of the heavy rainstorms in Illinois move from 
the SW, WSW, or W. 
From this study, evidence was found of an average increase of 8, 33, 
and 14%, respectively, in the number of daily rainfalls equalling or exceeding 
2.0, 2.5, and 3.0 inches in urban Chicago compared with the 8-station 
suburban average for the 20 years, 1949-68. Also, considerable variation 
was found within the urban area which showed two distinct centers of maximum 
frequency in highly industrialized areas in the south and north central 
parts of the city. Evidence was found of an even greater increase in the 
frequency of heavy rainstorms in the LPT area. LPT had 58, 100, and 71% more 
storms in the three intensity classes listed above than indicated by the 
upwind suburban average. Also, LPT had 46-50% more occurrences than the 
14-gage city average. The maximum frequency among the 14 urban stations 
was 31, 22, and 12 compared with 38, 24, and 12 at LPT for daily rainfalls 
2.0, 2.5, and 3.0 inches, respectively. Maxima among the 8 suburban stations 
were 27, 15, and 9 for the three classes of intensity. 
Fig. 8 shows patterns of the frequency distribution of heavy rainstorms 
in the Chicago - La Porte region. Much greater pattern detail is indicated 
in the Chicago urban areas because of the 14-gage network. Overall, Fig. 8a 
for the 10-year period, 1949-58, shows two urban peaks in the frequency of 
2-inch daily rainfalls, one over the north central part of the city and the 
other in the southern part. The southern high extends eastward into the LPT 
region. In general, the same pattern is preserved when the sampling period 
is increased to include 20 years in Fig. 8b. The south Chicago - La Porte 
high is in or downwind of a highly industrialized area in which steel industries 
(freezing nuclei source) are located (Changnon, 1968a). Data from a Lake 
station located four miles off-shore during the 1949-55 period (Changnon, 1961) 
indicates the north central peak extends at least this far downwind over the 
lake. 
The major features of the 2-inch pattern are maintained when the storm 
minimum intensity level is elevated to include only those days with 3 inches 
or more (Fig. 8c). Thus, Fig. 8 indicates that the La Porte anomaly which 
Changnon (1968a) found in the two severe weather events, frequency of 
thunderstorms and hail days, also includes the distribution of heavy rainstorms. 
A rank score system was used to investigate further the variation in 
frequency of heavy rainfalls within the urban area shown in Fig. 8. For each 
storm with daily rainfall of 2.0 inches or more during the 1949-68 period at 
one or more of the 14 urban network stations, a ranking of storm amounts was 
made. A scoring system was adopted in which three points was given for rank 1, 
two points for rank 2, and one point for rank 3. No points were given if the 
daily amounts for ranks 2 and/or 3 was less than 1 inch. The total rank 
score from the sample of 267 qualifying days was then calculated for each 
urban station and the values used to construct the pattern shown in Fig. 9a. 
This pattern illustrates well the tendency for individual heavy rainstorms 
to reach peak intensity over the two urban zones (Fig. 8) having the most 
frequent occurrences of 2-inch rain days. The rank score in the north central 
and southern peak areas is approximately 2.5 times that in the low frequency 
regions. 
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Figure 8. Frequency distribution of heavy daily rainfalls in Chicago area. 
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The 8-station mean frequency of 2-inch rainfalls for the 20-year period, 
1949-68, was calculated, and the frequency at each suburban and urban station 
was expressed as a percentage of this mean. From these data, the pattern in 
Fig. 9b was constructed. A general increase in the frequency of heavy 
rainfall over much of the city is indicated in progressing inward from the 
suburban areas, and this increase is substantial (125-150%) in the two urban 
peak regions shown in Fig. 8. 
Analyses of heavy rainfall distributions by 5- and 10-year periods 
during the 1949-68 period did not reveal any definite changes in the 
rural-suburban-urban relationships with progressing time. However, unless 
changes were pronounced, they would not be readily discernible between such 
short periods. Also, when the 20-year data were grouped by season and synoptic 
storm types, no substantial differences were noted between the suburban and 
urban distributions of qualifying storms. 
SYNOPTIC WEATHER ANALYSES 
Storm rainfall data for summers, 1959-68, were grouped according to 
basic synoptic weather types to search for possible differential urban effects 
among the various types. During this 10-year period, a total of 461 storms 
were typed. The average percentage distribution for the sampling area of 
Fig. 1 is shown in Table 6. Cold fronts accounted for the largest percentage 
(32%) followed by static fronts (23%). 
Table 6. Average percentage distribution of storms by 
synoptic type in sampling area. 
Percent 
Storm of 
type storms 
Cold fronts 32.1 
Static fronts 22.6 
Warm fronts 4.8 
Air mass storms 18.4 
Low centers 8.7 
Others 13.4 
Results of analysis were similar to those for St. Louis. Thus, the 
downwind LPT high resulted primarily from a strong tendency for rain from cold 
front storms to maximize in that region. Consequently, the total summer 
rainfall pattern shown in Fig. 2 for 1959-68 is quite similar to the map for 
cold front storms with all of the highs and lows in the two patterns occurring 
in approximately the same locations. The pattern for air mass storms showed 
very little similarity to the total rainfall pattern; in fact, a low in the 
air mass pattern occurred in the LPT region in the 1959-68 period. From this 
finding, it appears that initiation and/or intensification of air mass showers 
Figure 9. Rank scores and percentage differences in the occurrence of 
daily rainfalls 2 inches in the Chicago urban area. 
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over the urban area was not instrumental in producing the downwind high. 
Actually, the air mass pattern was quite variable throughout the sampling 
area of Fig. 1, but the highest point value (12.3) was found in the urban 
area at CAL. Table 7 shows the average percentage distribution of total 
summer rainfall in the Major Effect Area (LPT, VAL), the Minor Effect Area 
(HOB, GAR, OGD), the Upwind Control Area (WAU, ELG, AUR, WHE, JOL), the 
Downwind Control Area (SBN, CUL), and the Urban Area (OHR, MAY, CITY, APT, 
UNI, CAL). 
Table 7. Percentage distribution of total summer rainfall 
in major storm types, 1959-68. 
Cold Static Air 
Area fronts fronts mass 
Major Effect 35 29 7 
Minor Effect 31 31 8 
Upwind Control 28 30 10 
Downwind Control 29 27 8 
Urban 27 31 8 
A calculation was made to determine how much of the summer rainfall 
differences between LPT and other stations in the sampling area could be 
accounted for by average difference in the cold front storms. Results showed 
that the cold frontal differences accounted for most of the differences in 
the immediate urban area and the area upwind (west) of the city, and 35-70% 
of the differences downwind (east) of the city. Table 8 summarizes the average 
percent of the total rainfall differences between LPT and other key areas 
accounted for by the cold front differences. This table further emphasizes 
the control exerted over the total summer rainfall pattern by the cold front 
storms which accounted for 35% of the total rainfall at the LPT high center. 
Table 8. Percent of summer rainfall difference between LPT and remainder 
of sampling area contributed by cold front storms. 
Percent of 
Area difference explained 
Minor Effect 60 
Upwind Control 78 
Downwind Control 55 
Urban 83 
DIURNAL RELATIONS 
A limited study of the diurnal rainfall distribution was made in an 
effort to define more closely the time distribution properties of the apparent 
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urban effect and to obtain additional evidence of its causes. This analysis 
had to be restricted to stations with recording raingages, and this prevented 
use of stations in some of the most desirable areas, such as the LPT-VAL 
region. Data for 201 days during summers of 1964—68 were used in this study 
with the major effect devoted to precipitation distribution differences 
between urban stations in the Minor Effect Area and selected upwind stations. 
Following the procedure used in the St. Louis study, differences between 
a key urban station and two upwind stations were determined for each 3-hour 
period throughout the day. In the St. Louis study, evidence was found that 
the most pronounced urban effect, as indicated by differences between control 
and effect stations, occurred during the period of maximum diurnal heating. 
The summer rainfall pattern for 1964—68 indicated the urban high was 
centered near CITY during this period. Comparison of the diurnal distribution 
at CITY with those for two upwind stations to the S and SW, LKP and KAN, were 
then made. These showed that the maximum positive differences occurred 
between the urban station and the upwind stations in the 3-hour period of 
maximum diurnal heating, 1200-1500 CST. This supports findings in the St. 
Louis study and indicates that the heat island effect superimposed on the 
natural diurnal heating is an important factor in producing the urban-induced 
high in the summer rainfall pattern. However, there is' a complicating factor 
in the Chicago situation, in that the lake breeze effect may also contribute 
to the afternoon peak in summer rainfall in the urban area. Table 9 shows 
the 3-hour diurnal distributions of total rainfall at CITY and the urban-upwind 
differences. Maximization of the negative differences in late evening or 
early morning suggests the possibility of a stabilizing effect over the city 
at night, perhaps related to the land breeze effect. 
Table 9. Diurnal distribution of total rainfall in the Chicago 
region during summers, 1964—68. 
Station 00-03 03-06 06-09 09-12 12-15 15-18 18-21 21-24 
CITY 6.23 5.83 4.62 6.03 9.65 9.45 9.45 4.02 
CITY-LKP -2.21 +0.80 -0.41 +1.61 +4.43 +1.61 +3.42 -3.82 
CITY-KAN -2.61 +0.80 +0.60 -0.40 +4.43 +3.02 +1.61 -2.01 
WEEKDAY-WEEKEND RELATIONS 
Data for 11 stations in the Chicago region were used in comparative 
analyses of the frequency and amount of daily precipitation on weekdays and 
weekends during the warm and cold seasons of 1949-68. Four upwind control 
stations (WAU, SYC, WHE, J0L) and three downwind control stations (SBD, WHF, 
PLY) were used to provide information outside of the potential urban-effect 
area. Two stations in the hypothesized minor effect area (APT, HOB), and 
two stations in the hypothesized area of major effect (LPT, VAL) were selected 
to represent the region of potential urban effect. In the analyses, daily 
precipitation was grouped into five classes: 0.01-0.09 inch; 0.10-0.24 inch; 
0.25-0.49 inch; 0.50-0.99 inch; and, 1.00 inch or more. Calculations of daily 
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totals and frequency of measurable precipitation were then made for each day 
of the week for the April-October and November-March periods. 
If urban-induced changes in precipitation are associated with industrial 
particulate discharges into the atmosphere, differences in the amounts and 
frequency of precipitation are likely to occur in the effect areas between 
weekdays and weekends. If, on the average, the particulate discharges tend 
to compensate for a deficiency in natural raindrop nuclei one would expect 
greater precipitation on weekdays. However, it is also possible that the 
particulate discharges could produce an excessive number of raindrop nuclei 
which, in turn, could decrease the frequency of light precipitation occurrences 
due to evaporation of small raindrops formed from excessive nucleation of 
the atmosphere. If the particulate effect is substantial it is likely to 
be discernable by comparison of precipitation characteristics between the 
effect and no-effect areas. 
One method of evaluating differences in weekday-weekend relations is to 
calculate the ratio of average precipitation per weekday to average precipitation 
per weekend day in the effect and no-effect areas. This was done for both 
precipitation amounts and frequency of precipitation days in the warm and cold 
seasons. Results for the warm season are summarized in Tables 10 and 11 in 
which averages are presented for the two control areas, the Major Effect Area, 
and the Minor Effect Area. 
Table 10 shows ratios for daily rainfall amounts in the various 
intensity classes during the warm season and Table 11 provides similar 
information for daily rainfall frequencies. The ratios for daily amounts in 
all intensity classes (Table 10) were less than one in all control and effect 
areas. Thus, on the average, daily amounts were heavier on weekends than on 
weekdays. Since this condition existed in both control and effect areas, 
one must conclude that this is a climatological anomaly, or that it is an 
urban-related effect that extends well beyond our hypothesized effect areas. 
Further examination of Table 10 shows that the ratios are nearly equal 
in the Upwind Control and Minor Effect Areas. Ratios in the Major Effect 
Area are the smallest among the four areas, but close to those for the Downwind 
Control Area. If one assumes the lower ratios in the Major Effect Area are 
related to urban particulate discharges, he must conclude that either rainfall 
is being suppressed on weekdays when more particulate matter would normally be 
discharged, or is being increased on weekends in the Major Effect Area 
because of a more favorable particulate release. Suppression on weekdays 
is questionable in view of the strong high centered in the LPT region (Fig. 2) 
and the fact that during the warm season LPT averaged more rainfall than any 
other station in the control and effect areas on every day of the week, with 
the exception of WHT on Friday. 
Table 11 indicates no significant differences in the frequency of days 
with measurable rainfall ( 0.01 inch) with ratios ranging only from 0.99 to 
1.01 in the control and effect areas. For days with rainfall of 0.10 inch or 
more, the ratio becomes less than one in all areas except for the heaviest 
category ( 1.00 inch). The Major Effect Area has smaller ratios than the 
other areas for moderate to heavy rainfall days, similar to the rainfall 
amount ratios in Table 10. Overall, warm season results in Table 11 lead to 
the same conclusion as those in Table 10. 
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Table 10. Average weekday-weekend ratios of daily precipitation 
amounts in Chicago region during warm season, 1949-68, 
Average ratio for given daily precipitation (inches) 
Area  
Upwind Control 0.94 0.93 0.93 0.93 0.97 
Minor Effect 0.94 0.94 0.93 0.92 0.95 
Major Effect 0.89 0.88 0.86 0.84 0.83 
Downwind Control 0.90 0.89 0.88 0.87 0.86 
Table 11. Average weekday-weekend ratios of daily precipitation 
frequency in Chicago region during warm season, 1949-68. 
Average ratio for given daily precipitation (inches) 
Area  
Upwind Control 1.00 0.96 0.95 0.93 1.05 
Minor Effect 0.99 0.97 0.92 0.94 1.02 
Major Effect 1.01 0.99 0.90 0.87 0.86 
Downwind Control 0.99 0.92 0.92 0.90 0.91 
Tables 12 and 13 show cold season results, and here we find relatively 
strong evidence from the ratios that precipitation tends to occur more often 
and be heavier on weekdays than on weekends, that is, the opposite of the 
warm season relationship. However, the ratios for the Major Effect Area in 
Table 12 for daily precipitation amounts are smaller than the ratios in either 
control area or in the Minor Effect Area. If the heavier precipitation 
amounts on weekdays are related to urban particulate discharges, then one 
would expect higher ratios rather than lower ratios in the LPT region, unless 
greater weekday particulate discharges are suppressing precipitation in the 
Major Effect Area. Following this reasoning, one would expect the Minor 
Effect Area to have ratios equal to or less than the two control areas. 
However, they are actually larger, which would support a weekday enhancement 
of precipitation if it were not for the contradictory results in the Major 
Effect Area. Table 13 for frequency of cold season precipitation generally 
supports the results in Table 12. 
Neither the warm season or the cold season analyses provide clearcut 
evidence of an urban-induced effect resulting from differential discharges 
of particulates into the atmosphere on weekdays compared with weekends. This 
does not eliminate the possibility that the particulate discharges either 
increase or suppress the natural precipitation in the urban region. Apparently, 
we have a rather strong climatological anomaly of opposite effect throughout 
the sampling region in the warm and cold seasons, and this background 
interference superimposed on possible small changes resulting from particulate 
discharges makes any urban effect difficult to discern. If any trend were 
-63-
indicative from the Chicago analyses, it is that particulate discharges 
are more favorable for increasing rainfall on weekends in the Major Effect 
Area, perhaps, due to an over-compensation for deficient nucleation on 
weekdays, as suggested by Huff and Changnon (1970) in an earlier study. 
Table 12. Average weekday-weekend ratios of daily precipitation 
amounts in Chicago region during cold season, 1949-68. 
Average ratio of given daily precipitation (inches) 
Area  
Upwind Control 1.30 1.31 1.37 1.47 2.89 
Minor Effect 1.44 1.50 1.66 2.15 2.74 
Major Effect 1.22 1.24 1.32 1.37 1.54 
Downwind Control 1.37 1.43 1.55 1.71 2.99 
Table 13. Average weekday-weekend ratios of daily precipitation 
frequency in Chicago region during cold season, 1949-68. 
Average ratio of given daily precipitation (inches) 
Area  
Upwind Control 1.14 1.20 1.30 1.47 3.29 
Minor Effect 1.10 1.20 1.38 1.85 2.24 
Major Effect 1.11 1.15 1.25 1.32 1.52 
Downwind Control 1.08 1.24 1.39 1.57 2.69 
THUNDER-DAY AND HAIL-DAY DISTRIBUTIONS 
Study of the thunder-day and hail-day frequencies in the Chicago area 
consisted of two analyses: 1) a detailed comparison of the thunderstorm data 
at a rural station northwest of Chicago and an urban station within Chicago, 
and 2) a climatic investigation of average thunder and hail frequencies. The 
exhaustive analyses of the increases in thunder and hail at La Porte (Changnon, 
1968; Changnon, 1970) have provided detailed information on the thunder and 
hail patterns some of which will not be repeated in this text. 
Comparative Analysis of Urban-Rural Stations 
Data and Analysis. Joint operation of in-city and airport stations by 
the U. S. Weather Bureau over a period of years in Chicago provided the data 
essential for a valid climatological analysis of urban-rural differences in 
Chicago area thunderstorms. The comparable data available at Chicago consisted 
of Midway Airport (urban) and O'Hare Airport (rural) data (Fig. 1) for the 
January 1959 to August 1969 period. 
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Initially, the monthly frequencies of thunderstorm days were compared 
and then tested statistically to ascertain the presence and significance of 
the higher thunderstorm frequencies over the urban area. Further study of 
the urban effect was based on comparisons between 1) thunderstorm data on days 
when the urban station had thunderstorms and the upwind rural station had none, 
and 2) the thunderstorm data on days when the rural station had thunderstorms 
with none over the city. The rural-only data were considered to represent the 
frequency under natural conditions, and differences between these natural 
(rural) data and the urban-only data would be indicative of urban effects for 
either decreasing or increasing thunderstorms. 
The synoptic weather conditions associated with urban-induced thunderstorms 
also were studied, and the times of occurrence of urban thunderstorms were 
analyzed to help establish, even if indirectly, the conditions and urban effects 
most responsible for urban-induced thunderstorms. Rainfall data for the 
urban-only and rural-only thunderstorms were analyzed to investigate whether 
the rainfall quantity from urban-induced thunderstorms was affected. The 
results of the various analyzed data were reviewed in an attempt to ascertain 
which of the urban effects affected urban thunderstorms. 
Results. In the 1959-68 study period, the O'Hare (rural) station had 
333 days with thunderstorms, and on 69 of these days (21%) thunderstorms did 
not occur at the Midway (urban) station. The urban station recorded 
thunderstorms on 350 days, and on 86 of these days (25%) thunderstorms were 
not recorded at the rural station. Thus, on 264 days thunderstorms were 
sufficiently widespread to occur at both locations. The urban-rural difference 
of 17 thunderstorm days in 9.7 years indicates that the urban area averaged 
about 2 days of thunderstorms more per year than did the upwind rural station. 
In only 3 of the 10 sampled years did the rural station totals exceed those 
at the urban station. 
The average monthly thunderstorm-day values (Fig. 10) indicate that urban 
(Midway) values moderately exceeded the rural (O'Hare) values in March, May, 
June, and August. In all other months there is only a slight difference between 
the two averages. In the 20 Marches and Mays in the 10-year study period, the 
urban frequencies exceeded the rural ones in 9 months with equal values in 8 
months. In the 20 Junes and Augusts sampled, the urban values exceeded the 
rural values 11 times with equal frequencies in 5 months. 
The ten spring-summer (March-August) thunderstorm values available for 
the urban station were compared with those at the rural station using the 1-tail 
T test to obtain a measure of the statistical significance of the difference. 
The average number of thunderstorm days for this 6-month period at the urban 
location was 28 and that at the rural station was 26. The probability that the 
urban-rural difference of 2 days was not due to random sampling was 0.90, 
indicating considerable significance in this difference. 
The difference between the 86 thunderstorms occurring only at Midway 
(urban-only) and the 69 only at O'Hare (rural-only) was designated as the 
number over Chicago that resulted from urban effects. These added 17 
thunderstorm days in 10-years represent an increase of 5 percent above the 
total rural value (333 days). The summer season difference between the 
urban-only and rural-only occurrences was 11 thunderstorm days, a 7 percent 
increase above the rural value, and the spring difference of 9 thunderstorm 
days more in the urban area was a 9 percent increase. In the fall, the urban 
location had 4 fewer thunderstorm days than the rural station, and this was 6 
percent of the rural value for fall. 
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Figure 11. Total number of urban-only and rural-only thunderstorms at 
Chicago, 1959-68. 
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A graph of the total urban-only and rural-only thunderstorm days for 
the study period (Fig. 11) reveals the months and degree of difference. The 
positive departures of the urban-only curve above the rural-only curve are 
considered to reflect potential urban effects on thunderstorm incidences at 
Chicago. In June, the month of greatest departure, 17 urban-only thunderstorm 
days occurred as compared with 9 rural-only days. In the January-August 
period (excluding July) the urban effect was to increase thunderstorms, whereas 
in the September-December period there was no increase and possibly a suggestion 
that urban effects slightly decreased activity. 
The synoptic weather conditions present on each of the single-station 
thunderstorm days were determined and compared for spring and summer (Table 14). 
The 9-day urban increase in spring is shown by the high ratios to be largely a 
result of added thunderstorms on days when lows and air mass conditions existed. 
The U/R ratios for summer reveal that the urban increase occurred largely when 
either stationary frontal or air mass conditions existed. 
Table 14. Comparison of synoptic weather conditions with thunderstorms 
in Chicago, 19 59-68. 
Spring Summer 
Difference Difference 
Weather (U-R) in Ratio (U-R) in Ratio 
conditions TRW days U/R TRW days U/R 
Cold front 1 1.1 1 1.1 
Warm front -3 0.4 0 1.0 
Stationary front -1 0.8 4 1.6 
Low aloft 0 0.0 0 0.0 
Trough aloft 0 0.0 1 0.0 
Low 11 4.7 0 1.0 
Air mass 2 2.0 4 1.8 
Occluded front  
Total 9 1.4 11 1.4 
The times of occurrence of the urban-only and rural-only thunderstorms 
were determined for the four 6-hour periods of the day. The resulting frequencies 
for the spring, summer, and fall seasons appear in Table 15. Their ratios, which 
reflect the urban effect to increase or decrease activity in a particular 
6-hour period, show that the increased urban thunderstorm activity in spring and 
summer is realized primarily in the 06-12 and 12-18 periods. The slight urban 
decrease in fall activity is related to decreased activity in the 12-18 period. 
Rainfall Associated with Urban-Induced Thunderstorms. The amounts of 
rainfall at both stations on each single-station thunderstorm day were recorded 
to study the rainfall production of these "natural" and "urban-induced" 
thunderstorms. Two urban-rural rainfall comparisons were made on a seasonal 
and annual basis. The first comparative analysis involved comparing differences 
between the city-only thunderstorm day rain amounts and the rural-only amounts. 
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The second comparison considered the net rainfall differences which included 
the rainfall amounts at the station without thunder as well as those at the 
station experiencing thunderstorms. 
Table 15. Temporal distribution of thunderstorms in Chicago. 
Number of thunderstorms per 6-hr period, CST 
Thunderstorm 
days 00-06 06-12 12-18 18-21 
Spring 
Urban-only 11 9 11 12 
Rural-only 13 4 5 9 
Ratio, U/R 0.9 2.2 2.2 1.3 
Summer 
Urban-only 11 12 21 9 
Rural-only 8 5 13 13 
Ratio, U/R 1.4 2.4 1.6 0.7 
Fall 
Urban-only 5 4 2 4 
Rural-only 4 3 5 5 
Ratio, U/R 1.2 1.3 0.4 0.8 
The total Chicago Midway rainfall on the urban-only thunder days was 
25.85 inches, which was 7.53 inches greater than that at O'Hare occurring on 
the rural-only days. This is an annual average difference of 0.77 inches. 
The 25.85-inch total at the Midway station was 8% of its 10-year precipitation, 
and the 18.32-inch rural-only total was 6% of the total at O'Hare. The Midway 
station had 22.91 inches more precipitation than O'Hare in the study period, 
and 7.53 inches (or 33% of this difference) was from urban-induced storms. 
The average daily rainfall values with single-station thunderstorms (urban 
and rural) shown in Table 16 indicate that an urban effect is apparent in the 
thunderstorm rainfall as well as in the storm frequency. The urban-only 
thunderstorms produced more daily precipitation than the rural-only storms in 
all seasons. The big differences in winter result from the small (4) sample 
of storms. The most significant results are those for summer which show that 
the urban-only thunderstorm produces 33% more rainfall, on the average, than 
do the rural-only summer storms. The annual values (Table 16) show that the 
average urban-only thunderstorm produces 15% more rain than do rural-only 
thunderstorms at the upwind rural station. 
Table 16. Average daily rainfall on single-station thunderstorm days. 
Thunderstorm 
days Winter Spring Summer Fall Annual 
Urban-only 0.99 0.24 0.28 0.43 0.30 
Rural-only 0.35 0.23 0.21 0.42 0.26 
Difference, U-R 0.64 0.01 0.07 0.01 0.04 
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In the second comparsion the rainfall occurring at the thunder station 
was compared with that on the same day at the non-thunder station. Table 17 
shows the total values for these conditions. For instance, the total rainfall 
at the Chicago rural station on the 69 days with rural-only thunderstorms was 
18.32 inches, and the total at the urban station on these days was 12.57 inches. 
The average daily values (Table 17) at the stations without thunder (on a 
thunderstorm day at the other station) are quite similar, 0.17 vs 0.18 inches. 
These nearly equal values indicate little urban effect on the non-thunder 
rainfall days at the urban stations, and the between-station annual difference 
of 0.04 inch/day (Table 16) appears due to urban effects on days of urban-induced 
thunderstorms. 
Table 17. Comparison of rainfall at thunder stations and non-thunder 
stations on days with single-station thunderstorms. 
Urban station Rural station 
Total rain when a TRW station 25.85 18.32 
Total rain when a no-TRW station 14.82 12.57 
Difference, inches 11.03 5.75 
Total number of rain days 86 69 
Average daily rain at no-TRW station 0.17 0.18 
Regional Climatic Trends and Patterns 
The La Porte investigations provided detailed time series and pattern 
analyses of the regional thunder-day and hail-day frequencies in northwestern 
Indiana through 1965. However, certain of these analyses were extended 
through 1969 to include the data from more recent years. 
Figure 12 is a portrayal of the 5-year moving totals of thunder-days at 
La Porte, Chicago (Midway), and South Bend, Indiana. The curves in Fig. 12 
illustrate the development of the La Porte anomaly in the 1940's and its 
sustained high values through the mid 1960's. However, frequencies at La Porte 
in the late 1960's decreased to match those at South Bend and Chicago. This 
indicates either a diminishment of the thunder anomaly or a change in the 
observer quality, a condition which is suspected due to the observer's old 
age in the late 1960's. Also of interest in Fig. 12 is the downward trend of 
the Chicago curve since the 1930's. It alone would not suggest any urban-related 
increase in thunderstorms frequencies, but comparison of the Chicago Midway 
values with those at stations to the west of Chicago has shown that it has not 
decreased as rapidly as these others, and it essentially has an urban increase 
that is not detectable in the strong downward climatic trend. 
Figure 13 presents the 5-year moving totals of hail-days at La Porte, 
Chicago (Midway), and South Bend, Indiana. The noteable anomaly at La Porte 
beginning primarily in the late 1940's is quite apparent, and it is still in 
existence in the late 1960's. Inspection of the Chicago curve reveals an 
increase beginning in the late 1940's leading to frequencies in the 1950's that 
are the highest in the 70-year record at Chicago. This curve also suggests a 
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Figure 12. 5-year moving totals of summer thunder days in Chicago area. 
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Figure 13. 5-year moving totals of summer hail days in Chicago area. 
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possible urban increase in hail days. Again, broad-scale regional downward 
climatic trend in hail, as well as thunderstorm activity, through the 1935-70 
period tends to mask any urban effects to increase thunder and hail in a time 
series presentation. 
Inspection of Fig. 12 reveals that the apparent urban-related increase 
in thunder activity at La Porte began in the 1940's. Therefore, stations with 
data in the Illinois, Indiana, and Michigan area that had quality thunder data 
during the 1942-68 period were analyzed. For stations with less than the 27 
years of record, the values for the specific shorter periods were adjusted up 
or down according to those at Chicago or South Bend, the two regional first-order 
stations. For example, the 7-year record at Dowagiac, Michigan, indicated an 
average annual frequency of 37 days, but during this period the thunder values 
at South Bend were 108% of the 27-year South Bend average. Therefore, the 
Dowagiac seasonal values were reduced by 8% so as to derive a figure that 
represented the longer term (1942-68) values. In this manner, the most 
realistic, comparable regional portrayal of the average thunder-day patterns 
could be achieved. The annual averages for the area appear on Fig. 14 along 
with the length of records analyzed at each of the 13 stations with data within 
the immediate area. The noteable La Porte anomaly with the average of 51 
thunder days per year exists, but it is strongly supported by the 46 thunder day 
average at the Ogden Dunes station. Inspection of the averages at stations to 
the west of Chicago and those in Michigan reveal that the climatic frequencies 
of thunder days in the uneffected area is 35 days per year. The 37-day average 
at the Midway station appears to be a frequency that is greater than would be 
expected, and as described in the prior section of this text, it is considered 
to be an urban-related increase within the city. That is, on annual basis, 
the Chicago metropolitan area has two more thunderstorm days than would be 
predicted if the city did not exist. Of course, this does not match the increase 
found to the east of the city in northwestern Indiana where La Porte has 10 to 
14 more days of thunder per year than would be predicted on a climatic basis. 
Figure 15 presents the average summer thunder-day pattern, as based on the 
same stations and data from the 1942-68 period. Summer is defined as the 
June-August period. The stations to the west of Chicago have identical averages, 
17 days, whereas the Midway station in Chicago has 19 days. Thus, the 2-day 
increase in the annual frequency is a result of a 2-day increase in the summer 
season. This 2-day increase represents a 12% increase in summer thunderstorms 
for this 27-year period. The La Porte anomaly is fairly apparent in summer, 
but interestingly, Ogden Dunes achieves an average frequency that is comparable 
to La Porte, and both appear to be 6 to 7 days data greater per year than would 
be predicted on a climatic pattern basis. 
SUMMARY AND CONCLUSIONS 
Seasonal spatial analyses provided evidence of an urban-induced increase 
in summer rainfall in the La Porte region, 25-35 mi downwind of the South 
Chicago-Gary industrial complex. This region experienced 17% more rainfall 
than the Chicago urban area in the 1949-68 period, and 13% more in the 1959-68 
period. A secondary summer high is located in the central part of the city 
but could be related to a slight climatic ridge located west of the city 
rather than urban effects. 
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Figure 14. Average annual number of thunder days in 1942-68. 
Figure 15. Average summer number of thunder days in 1942-68. 
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A pronounced, persistent winter high was found in the LPT region, in 
which the precipitation averaged nearly 50% higher than at the two long-term 
Chicago urban stations (CITY, APT) during the 1949-68 period. Other analyses 
indicated a major portion of the excessive precipitation at LPT can not be 
explained by lake-effect storms. 
Spring spatial patterns indicated a LPT high averaging 26% more rainfall 
than the urban area during 1949-68. Fall patterns were similar to winter 
patterns with LPT averaging 47% more precipitation than urban Chicago in the 
1949-68 period. 
Analyses of heavy rainstorm occurrences (daily rainfall 2 inches) 
supported both the LPT anomaly and the secondary high over the urban area. 
The 14-gage urban network averaged 8-33% more daily rainfalls equalling or 
exceeding 2.0, 2.5, and 3.0 inches than 8 upwind suburban stations. LPT 
experienced 58-100% more occurrences than the suburban average and approximately 
50% more than the city average. LPT had 38 days with 2 inches or more rainfall 
in the 1949-68 period compared with a maximum of 31 among city stations and 
27 among suburban stations. 
Time trend analyses indicated that precipitation in the Chicago urban 
area has been increasing with respect to the surrounding region in all 
seasons during the 1931-68 sampling period employed in these analyses. This 
upward trend was not found at La Porte, although its average seasonal 
precipitation exceeds the city precipitation by relatively large amounts. 
Thus, LPT may have had its precipitation increased by urban-induced effects 
for a long period of time, but evidence from the trend analysis is that urban 
influences are being reflected more within the city as time progresses. 
Analyses of daily precipitation grouped by intensity indicated that any 
urban-induced effect operates at all intensity levels. However, in the warm 
season, the urban effect appears to be more pronounced on days with moderate 
to heavy rainfall, whereas in the cold season the effect maximizes on days 
of relatively light precipitation. This apparent variation in inadvertent 
modification between seasons indicates a need to employ different seeding 
techniques in planned weather modification to optimize seeding effectiveness 
under different synoptic weather conditions. Thus, seeding effectiveness 
with summer mesoscale disturbances appears to be best on days favorable for 
moderate to heavy natural rainfall, whereas the large-scale winter systems 
are most likely to be favorably modified on days with light natural 
precipitation. 
Analyses of weekday-weekend relations did not provide clearcut evidence 
of urban-induced effects resulting from greater particulate discharges into 
the atmosphere on weekdays in either the warmer or colder parts of the year. 
A rather strong climatological variation in weekday and weekend precipitation 
occurred throughout the sampling region in the 1949-68 period, and this 
produced background interference that would make small changes resulting 
from urban particulate discharges difficult to discern. However, there is 
some evidence that particulate discharges may be more favorable for 
precipitation increases on weekends in the Major Effect Area, perhaps, due 
to an over-supply of raindrop nuclei on weekdays. 
A limited study of diurnal relations in the 1964-68 period showed the 
maximum positive difference in hourly rainfall between city and upwind 
recording gage stations occurring during the 3-hour period of maximum diurnal 
heating, 1200-1500 CST. This supports findings in the St. Louis study, and 
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indicates that the heat island effect superimposed on the natural diurnal 
heating is an important factor in producing urban-induced highs in summer 
rainfall patterns. 
Synoptic weather analyses for summers in the 1959-68 period indicated 
that the major contribution to the downwind LPT high occurred in cold front 
storms. Initiation and/or intensification of air mass showers (non-frontal) 
over the urban area did not appear to be instrumental in producing the LPT 
high. 
Results show that the urban-located (APT) station had statistically 
significant greater numbers of thunderstorms in the warm season than did the 
rural O'Hare station. These increases in urban thunderstorms likely result 
from one or more urban effects. Observational techniques at all stations 
are identical and should not be the cause for the urban-rural differences. 
It is possible that local lake effects at Chicago may play some role in the 
development of higher urban thunderstorm frequencies. The rainfall analysis 
indicated that the urban effect also led to 15% more rainfall when urban-induced 
thunderstorms occurred than fell from non-urban thunderstorms. 
The increase is greatest in the 0600-1800 period. This incorporates the 
0600-1200 period of least convective activity which suggests the importance of 
thermal effects in initiating deep convection. 
Battan (1965) has shown that the atmospheric properties which govern 
updrafts control the frequency of lightning, which indicates that the kinematic 
and thermodynamic factors would be more important in urban thunderstorm development 
than microphysical processes. Thus, urban effects (heating and turbulence) 
which produce vertical motions appear to be the primary urban mechanism of summer 
thunderstorm development over these two cities. The frequent morning occurrence 
of urban thunderstorms with stationary frontal conditions and air mass conditions 
(characterized by moist tropical air) and at a time of low wind speeds would 
indicate that the urban-turbulence (mechanical lifting) factor is less important 
than the thermal factor in obtaining convection and thunderstorms. 
The regional and time series of portrayals of hail and thunderstorm days 
substantiated the marked increase in summer and annual thunder days downwind 
of Chicago in northwestern Indiana. However, the time series analyses suggested 
a strong deminishment of the downwind thunder high. Time-series analyses of 
increases of thunder and hail in Chicago were made difficult because of a 
general downward climatic trend in the frequency of these events and because 
the increases are sufficiently small so as to not cause a time series increase, 
just a lessening of the rate of decrease in thunder activity. Nevertheless, 
regional patterns of thunderstorms for the average thunderstorm frequencies 
indicated that over the 1942-68 period the Chicago urban area did average 2 
more thunder days a year with this occurring in the summer season. This 12% 
increase is not a great as the 30-40% increases found in stations in northwestern 
Indiana. 
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URBAN EFFECTS ON PRECIPITATION AT INDIANAPOLIS 
INTRODUCTION 
Data for the period 19 31-68 were used in the investigation of possible 
urban effects on precipitation in the Indianapolis region. This study was 
hampered by the lack of precipitation stations within and near the urban 
area and by relatively short records at most of the urban stations. Because 
of short records, much of the precipitation pattern analyses had to be 
limited to the last 15 years (1954-68) of the sampling period. Period of 
record used in each analysis was dictated by the availability of reliable 
data. For example, the only station with a long-term record in the city 
proper (Monument Circle) was closed in 1963, so that much of the urban-effect 
evaluation had to be terminated at that time. Fig. 1 shows station locations 
and periods of record used in the daily and seasonal precipitation studies. 
Note that the nearest downwind stations to the NE,.E, and SE (OAK, GFD, FKN) 
are 10, 19, and 21 miles, respectively, from the center of the city. 
CLIMATE AND TOPOGRAPHY 
The Indianapolis climate is continental with warm summers and 
moderately cold winters. Precipitation is normally adequate for good crops 
and is well distributed throughout the year. A comparison of temperatures 
at the old city office and airport showed that on clear, calm nights the 
airport temperatures were frequently 5° to 10° lower (U. S. Dept. of Commerce, 
1967). 
Average monthly temperature ranges from a low of 28.7° in January to 
75.8° in July. Average monthly precipitation ranges from 2.56 inches in 
February to 4.09 inches in June. Annual mean is 39.92 inches. 
The city has a population of 74-3,155 (1970 census) and is located in 
flat terrain with elevations of 700-800 ft MSL. Approximately 20-30 miles 
to the W and NW, there is rolling country with highest elevations mostly in 
the range from 900 to 1000 ft MSL. Elevations rise slowly to the east also, 
reaching 1000-1100 ft MSL at distances of 20-30 miles. Hills rise to about 
1000-1100 ft MSL 30 to 50 miles south of the city. In general, the area 
surrounding the city to distances of 50 miles is relatively flat or slightly 
rolling. There are no large water bodies to alter the climate significantly 
in the Indianapolis region. 
SPATIAL DISTRIBUTION OF SEASONAL PRECIPITATION 
Within limitations of the data sample, no strong proof was established 
for urban-induced effects in the summer spatial pattern. However, as 
illustrated in the isohyetal map for 1954-63 in Fig. 2, there is some 
evidence of a possible urban augmentation of rainfall over the central city, 
based upon data for M0N (Fig. 1). However, it must be recognized that natural 
highs in the summer pattern of equal or greater intensity exist upwind of the 
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Figure 1. Location and period of vecord for precipitation 
stations used in Indianapolis study. 
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city to the south and west, and the city high may be related to these nearby 
areas of naturally heavier rainfall. There is no evidence of an urban-induced 
increase downwind of the city, such as found in St. Louis and Chicago, but, 
as indicated earlier and evident from Fig. 1, the station density is not very 
suitable for identifying such an effect. The city high is no longer evident 
in the pattern for any period of 10 years or longer during the 1931-68 period 
when MON is omitted from the isohyetal analysis. 
The typical winter pattern (Dec-Feb) is illustrated by the isohyetal map 
in Fig. 3 for 1954—63. There is a ridge of relatively high precipitation 
extending over the city and northeastward, but this appears to be the extension 
of a high center located approximately 20 miles west of the city. A low is 
centered approximately 15-20 miles east of the city near GFD, but appears to 
be part of a climatic trough in the precipitation pattern, although occurrence 
of the lowest precipitation at GFD raises some question about an urban effect. 
However, in other cities studied, seasonal urban effects (when present) have 
resulted in precipitation augmentation rather than decrease. It is concluded 
that evidence from the spatial analysis is not sufficient to support claims 
of an urban-induced effect within or downwind of Indianapolis in winter. 
Analyses of spatial precipitation patterns in spring (March-May) and fall 
(Sept-Nov) provided no substantial evidence of an urban effect. This includes 
those periods in which MON was operating to provide data within the central 
city and the most recent years when additional stations (RIV, FAL, SE) assisted 
in evaluating the city precipitation. 
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
Trend analyses for the 1931-63 period in which the central city station 
(MON) was in operation showed little concrete evidence of an urban effect in 
the time series of summer rainfall. Figure 4 shows time trends of the 5-year 
moving averages of the rainfall ratios using MON as the comparative base 
(ratio denominator). As in previous analyses at St. Louis and Chicago, the 
trend values are the slope of the linear regression equations derived at each 
station. Positive slopes indicate the rainfall at a given station increased 
with respect to MON; thus, if rainfall at MON had been augmented by urban 
influences, the surrounding trends would be negative. Fig. 4 shows this 
condition occurred in the downwind direction (east), but negative values of 
the same general magnitude occurred to the west (upwind), and stations to 
the northwest of the city had positive trends. Thus, it must be concluded 
that the trend analysis offers no real support for the MON summer high (Fig. 2) 
being urban induced. 
Examination of winter trends of precipitation and precipitation ratios 
for the 1931-63 period did not provide any substantial support for an urban-induced 
effect. The trends of the precipitation ratios indicated a rather erratic 
pattern about the city, especially during the last 10 years of record at MON, 
1954-63. 
INTENSITY AND FREQUENCY OF DAILY PRECIPITATION 
Analyses were made of the frequency and amount of daily precipitation, 
grouped according to intensity, at four stations in the Indianapolis area in 
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Figure 2. Summer precipitation pattern in Indianapolis area, 1954-63. 
Figure 3. Winter precipitation pattern in Indianapolis area, 1954-63. 
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a further search for evidence of an urban effect. Stations selected were 
1) MON in the central city, 2) Indianapolis Airport (AP) approximately 5 miles 
southwest of the built-up urban area, and 3) GFD and SHV located approximately 
20 miles downwind of the city (Fig. 1). Indianapolis Southeast (SE) was 
substituted for MON in the 1964-68 period. Data for the 1949-68 period were 
stratified the same as in the St. Louis and Chicago studies. That is, the 
data were first separated according to the warm season (April-Oct) and the 
cold season (Nov-March). For each season, the data were then grouped according 
to days with precipitation equal to or greater than 0.01, 0.10, 0.25, 0.50, 
and 1.00 inches. 
Results are summarized in Table 1 which shows the ratio of daily 
precipitation amounts and number of precipitation days at the upwind station 
(AP) and the two downwind stations (GFD, SHV) to amounts and frequencies at 
the urban station (MON-SE) for the two seasons at each of the five intensity 
levels. The warm season ratios for daily rainfall amounts show a considerable 
decrease between the 0.50-inch and 1-inch classes; that is, the tendency for 
greater daily rainfall at the urban station is most pronounced on days with 
heavy rainfall amounts. As indicated earlier in the St. Louis study, this is 
indirect evidence of an urban-induced intensification of the heavier rainstorms 
in the urban area. This tendency is present but less pronounced in the 
statistics for the number of rainy days. 
Except at SHV, the cold season statistics do not show any substantial 
trend for the rural-urban relationship to change with increasing intensity of 
daily precipitation. If one accepts the SHV-M0N relationship as indicative of 
intensification of winter storms in the city, then this same type of intensification 
must be occurring at GFD and AP. Although this possibility cannot be eliminated, 
it is questionable in view of the relatively rapid decrease in winter precipitation 
between the city and GFD (Fig. 3). Considering all possibilities, it is 
concluded that there is little, if any, evidence of an urban-induced effect 
on winter precipitation within the city, based upon the available observational 
data. 
Table 1. Comparison of intensity and frequency of daily 
precipitation at city, upwind, and downwind 
stations during 1949-68. 
Daily    Rural-urban ratio for given condition 
precipitation 
equalled or Daily amounts Number of days 
exceeded (in) AP GFD SHV AP GFD SHV 
Warm Season 
0.01 0.93 0.97 0.98 1.06 1.01 1.07 
0.10 0.92 0.97 0.97 0.99 1.02 1.01 
0.25 0.94 1.02 0.96 0.91 0.98 0.96 
0.50 0.95 1.04 0.98 0.94 1.00 0.98 
1.00 0.82 0.88 0.89 0.83 0.94 0.94 
Cold Season 
0.01 1.07 0.96 1.07 1.15 1.02 1.05 
0.10 1.07 0.96 1.07 1.10 1.01 1.09 
0.25 1.05 0.95 1.07 1.02 0.98 1.09 
0.50 1.06 0.92 1.01 1.06 0.92 1.00 
1.00 1.05 0.96 0.93 1.11 0.96 0.91 
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Figure 4. Time trend of summer precipitation ratios in 
Indianapolis area, 1931-63. 
Figure 5. Frequency of daily rainfalls > 2 inches in 
Indianapolis area, 1949-68. 
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WEEKDAY-WEEKEND RELATIONS 
Data for four stations during the warm and cold seasons, 1949-68, 
were used in a limited study of weekday-weekend relations. Indianapolis 
Airport station (AP), located about 5 miles SW of the city, was selected 
as an upwind station. Monument Circle (MON) was used as the urban sampling 
station until its closing in 1963 when it was replaced by ISE. Greenfield 
(GFD), located about 15 miles east of the city, is a downwind station in a 
region of expected major effect from any urban influences. Shelbyville (SHV), 
located 27 miles SE of the urban center, would be expected to experience 
minor effects from urban factors. 
Results of the study are briefly summarized in Tables 2 to 5 which 
show average ratios of weekday to weekend-day precipitation for daily amounts 
and daily frequencies of precipitation at various intensity levels. The 
weekday-weekend ratios behave somewhat similar to those discussed in the 
previous section for Chicago; that is, the regional ratios for most stations 
tend to be less than one in the warm season and greater than one in the 
cold season. This could mean that the particulate loading, normally heavier 
on weekdays, tends to suppress natural rainfall on weekdays in the warm 
season due to an overloading of the atmosphere with raindrop nuclei, whereas 
the particulate balance contributes to enhancement of weekday precipitation 
in the cold season. AP, the upwind station, follows the same trend as the 
urban and downwind stations, but, due to its proximity to the city, could be 
subject to urban effects also, and may not represent a true control or 
no-effect station. 
Tables 2 and 3 for the warm season show less frequent occurrences of 
rainfall on weekdays than weekends at all daily intensity levels. The same 
is true for daily rainfall amounts except at GFD, the downwind major effect 
station, where ratios exceed one. Overall, these two tables indicate that 
if an urban effect is functioning, it is tending to decrease the frequency 
and intensity of the natural weekday rainfall. The GFD departure could mean 
that the particulate loading is dispersed sufficiently in its downwind travel 
to this region to have little or no effect (amount ratios slightly greater 
than one and frequency ratios slightly less than one). 
Tables 4 and 5 for the cold season indicate more precipitation and 
more frequent occurrence on weekdays than on weekends at all stations. Similar 
to the problem in the Chicago analyses, this raises a question as to whether 
the ratios are reflecting an areal climatic anomaly during this 20-year 
sampling period, or whether an urban effect extends upwind to include the 
upwind station(s). GFD does experience higher ratios, in general, than the 
other stations which provides some evidence that the weekday increase in 
daily precipitation is maximizing in a potential major effect region downwind 
of the city. The city station (MON) has the smallest cold season ratios, 
so that an urban particulate effect, if present, tends to become more effective 
as the particulate-laden air moves away from the source and the particulate 
density decreases. 
From this limited study at four stations, clearcut evidence of the 
presence of an urban effect in weekday-weekend relations was not obtained. 
Slight evidence was found of a weekday suppression of rainfall in the immediate 
urban area during the warm season and a weekday enhancement in the cold season. 
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Table 2. Average weekday-weekend ratios of daily precipitation amounts 
in Indianapolis region during warm season, 1949-68. 
Average ratio for given daily precipitation (inches) 
Station  
AP 0.97 0.97 0.97 0.96 
MON(ISE) 0.84 0.83 0.83 0.80 
GFD 1.03 1.03 1.04 1.07 
SHV 0.85 0.85 0.83 0.84 
Table 3. Average weekday-weekend ratios of daily precipitation frequency 
in Indianapolis region during warm season, 1949-68. 
Average ratio for given daily precipitation (inches) 
Station  
AP 0.97 0.95 0.94 0.88 
MON(ISE) 0.94 0.91 0.90 0.85 
GFD 1.01 0.95 0.97 0.97 
SHV 0.93 0.91 0.84 0.90 
Table 4. Average weekday-weekend ratios of daily precipitation amounts 
in Indianapolis region during cold season, 1949-68. 
Average ratio for given daily precipitation (inches) 
Station  
AP 1.12 1.13 1.13 1.15 
MON(ISE) 1.11 1.10 1.11 1.08 
GFD 1.27 1.28 1.35 1.40 
SHV 1.17 1.19 1.17 1.19 
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Table 5. Average weekday-weekend ratios of daily precipitation frequency 
in Indianapolis region during cold season, 1949-68. 
Average ratio for given daily precipitation (inches) 
Station  
AP 1.08 1.13 1.12 1.17 
MON(ISE) 1.16 1.09 1.13 1.08 
GFD 1.18 1.20 1.45 1.51 
SHV 1.15 1.22 1.17 1.32 
HEAVY RAINSTORMS, THUNDERSTORMS, AND HAIL 
Following procedures in previous studies, an analysis was made of the 
frequency distribution of daily rainfall amounts equalling or exceeding 2.0, 
2.5, and 3.0 inches in the Indianapolis region, based on 1949-68 data. No 
evidence of urban augmentation of heavy rainstorms, such as identified in the 
St. Louis and Chicago regions, could be found at Indianapolis. At all three 
intensity levels, the greatest frequency of heavy storms occurred 20-35 miles 
to the west and southwest of the city (Fig. 5). The urban frequency was 
below average for the 50-mile radius about the city. However, this lesser 
frequency appeared to be associated with a climatic low extending southward 
into the city in the heavy rainfall pattern and not caused by an urban 
suppression effect. 
An analysis of inadvertent changes in thunder-day and hail-day in 
and within 60 miles of Indianapolis was pursued. Data from two first-order 
stations and 24 cooperative substations were obtained and evaluated. This 
evaluation process showed that the only stations with quality thunder data 
(including the two first-order stations) were the Indianapolis City (1901-42), 
Indianapolis Airport (1943-69), and Rushville. This lack of thunder data 
stations made the analysis of thunder patterns impossible, and the Rushville 
station, which is 45 miles downwind of Indianapolis, was too far to experience 
any urban effect on thunderstorms. Comparison of the thunder data for two 
first-order stations was impossible because they had no simultaneous operations. 
The temporal distributions of thunderstorms at the first-order stations do 
not reveal a recent systematic increase, but no firm conclusion can be reached 
regarding the potential effects of Indianapolis on thunder frequencies. The 
frequency of thunder-days per day of the week was examined in Indianapolis 
for the 1901-42 period and no indication of preference for thunder-day or 
weekdays or weekends was found. 
There were 9 stations with quality hail data within 60 miles of 
Indianapolis. These included the two first-order stations with non-simultaneous 
operations, and 7 substations. Pattern analysis was performed for the 1901-42 
period, and the 1943-69 period. Neither pattern revealed any indication of 
a localized high in hail frequencies in or downwind of Indianapolis. 
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CONCLUSIONS 
Evaluation of urban effects on precipitation in the Indianapolis region 
was hampered by inadequate raingage density and lack of long-term concurrent 
records for existing stations in the immediate urban area. Within limitations 
of the data sample, no strong evidence was found of urban-induced effects on 
the spatial patterns of seasonal precipitation or in the seasonal time trends 
at individual stations. Daily precipitation analyses provided some evidence 
that urban effects were intensifying rainfall on days with amounts of one inch 
or more during summer within the city. However, this effect could not be 
substantiated in the winter analyses. Furthermore, studies of the frequencies 
of severe rainstorms with daily amounts of two inches or more, the majority 
of which occur during the warm season, did not provide evidence of a measurable 
urban effect on such storms. However, it must be stressed that failure to 
identify urban effects at Indianapolis does not necessarily preclude their 
existence, since the data sample was not as adequate as that available for the 
St. Louis and Chicago studies described previously. 
No indications of urban effects by Indianapolis on thunder-day frequencies 
could be found. If an effect exists, the existing data are inadequate to 
delineate it, either on a regional or temporal basis. Hail data were sufficient 
to develop seasonal and annual average patterns, but there was no indication 
of an urban effect in the hail patterns. Generally, the hail patterns agree 
well with the general climatic patterns developed by Stout and Changnon (1968). 
Inability to discern an effect on hail-day frequencies at Indianapolis, where 
data stations are sufficiently dense to likely reveal one, suggests that there 
may not be any effect on thunder-day frequencies either. 
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URBAN EFFECTS ON PRECIPITATION AT CLEVELAND 
INTRODUCTION 
Urban effects were analyzed through use of data from first-order and 
cooperative stations of the National Weather Service within 60 miles of the 
center of the Cleveland urban area. The primary reason for selection of 
Cleveland as a study area is its resemblance in climate and geography to the 
Chicago-La Porte region where earlier studies by Changnon (1968a) have shown 
a pronounced urban effect on precipitation downwind of the large urban-industrial 
complex. The Cleveland area has a west-east alignment along the south end of 
Lake Erie similar to the Chicago-La Porte area on the south side of Lake 
Michigan. Both have comparable steel and heavy industry nuclei sources which 
could be related to urban-induced precipitation modification. 
Period of records used in the study varied with the precipitation factor 
subjected to analysis. For the seasonal, daily, and weekday-weekend analyses, 
data in the 19 31-68 period were utilized, with major emphasis on the 1954-68 
period when station density was more adequate for pattern analyses. In the 
thunderstorm-hail analyses, which were restricted primarily to point comparisons 
because of sampling problems, use was made of all acceptable station records 
in the 1901-69 period. Location, period of record, and abbreviations for 
stations used in the seasonal precipitation analyses are shown in Fig. 1. 
Stations used in the thunderstorm-hail analyses are identified in Fig. 2. 
CLIMATE AND GEOGRAPHY 
Summaries of climatic conditions (U. S. Department of Commerce, 1967) 
indicate that the Cleveland climate is mainly continental, but with strong 
modifying influences by Lake Erie, similar to the Chicago region on the south 
side of Lake Michigan. Excessive amounts of winter cloudiness and frequent 
snowstorms result from the lake effect (cold air warmed in passing over the 
lake). In summer, lake breezes are frequent and the cooling effect is noticeable 
for a considerable distance inland. 
The normal mean temperature at the airport station (Fig. 1) ranges from 
a low of 28.9°F in January to a high of 71.9°F in June. Normal monthly 
precipitation ranges from 2.33 inches in February to 3.52 inches in May with 
an annual normal of 35.35 inches. Normal annual snowfall is 50.5 inches of 
which 32 inches occurs in the December-February period. The winter snowfall 
accounts for approximately 45% of the winter precipitation. Prevailing wind 
direction is S, except for January and March when it shifts to SW and W, 
respectively. 
Comparative records between downtown and the Airport, located 10 miles 
SW of the central city, show the daytime temperatures averaging 2-4 degrees 
warmer at the Airport in all seasons except winter, whereas night temperatures 
average 2-4 degrees lower at the Airport during all seasons. The cooler 
downtown temperatures in the daytime in the spring-fall period result from 
the lake breeze effect. 
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Figure 1. Location of stations and period of record used in daily and 
seasonal precipitation analyses in Cleveland area. 
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Figure 2. Stations in Cleveland area with quality thunder-day and/or 
hail~day data in 1901-69 period. 
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The urban area is located in relatively flat terrain except for a 500-ft 
ridge at the SE edge of the city. The country to the south and east is 
generally rolling with hills rising 250 ft to 700 ft above the lake level 
(572 ft). The highest hills in the 60-mile radius about the city used in this 
study are located in the Chardon area (Fig. 1), 25-40 miles east of the central 
city and northeast of Hiram, approximately 30-35 miles southeast of the city. 
The terrain becomes relatively flat again 45-60 miles east of the city. 
Rolling country with hills similar to those E and SE of the city are located 
in the MAN-N0R area of Fig. 1, 50-75 miles SW and WSW of Cleveland. A rather 
deep, narrow N-S valley of the Cuyahoga River bisects Cleveland and meanders 
southward to the Akron region. Fig. 3 shows general topographic features in 
a 50-mile radius of the city. 
Metropolitan Cleveland has a lake frontage of approximately 30 miles 
and reaches inland about 15 miles. The 1970 census indicates a population of 
750,903. 
SPATIAL PATTERNS OF SEASONAL PRECIPITATION 
Analyses were made of the spatial precipitation patterns for the four 
seasons. The summer pattern for the 15-year period, 1954-68, which provided 
the greatest density of sampling points for pattern definition, is shown in 
Fig. 4a. The peak rainfall average extends eastward from Chardon, approximately 
25 miles ENE of the central city. This peak is approximately the same distance 
from the potential urban-industrial source of raindrop nuclei as the La Porte 
enhancement source described by Changnon (1968a) in the Chicago region. A 
secondary high is indicated in the HIR-RAV region of Fig. 1, about 35 miles 
SE of the city. 
Both the primary and secondary rainfall highs in Fig. 4a are located at 
distances and at azimuths that could represent the culmination of urban-induced 
rainfall enhancement. Analyses of surface and upper air wind data (Lewis, 1971) 
indicated that summer storms would usually move from the SW, WSW, W, and WNW. 
However, the possibility that topographic effects may be involved also can not 
be eliminated at this point, since both highs are located in the region of the 
highest hills in the 60-mile radius about the central city. Furthermore, 
another high is located in the MAN-N0R region W and SE of the city in Fig. 4a, 
and this anomaly also is located in a relatively hilly region as pointed out 
earlier. 
An examination was made of the summer patterns for three 5-year periods 
(1954-58, 1959-68, 1964-68) to evaluate the persistence of the average pattern 
shown in Fig. 4a for 1954-68. The high in the CDN-DOR area was present in 
each 5-year period, and the HIR-RAV high was present in two of the three 5-year 
periods. An area of relatively heavy rainfall was located in the MAN-N0R 
region also in each of the 5-year periods. The low over the lake and city 
which extends southward to Akron along the Cuyahoga River Valley in Fig. 4a 
was also a persistent feature of each 5-year map. 
An accurate definition of the spatial pattern prior to the 15-year period, 
1954-68, was not possible since the station density was inadequate. However, 
enough stations were still present in the 1949-53 period to indicate that the 
major pattern features discussed above were present, throughout the 20-year 
period, 1949-68. 
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Figure 3. General topography in Cleveland area. 
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Figure 4. Seasonal precipitation patterns in Cleveland area, 1954-68. 
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Fig. 5a shows summer rainfall ratio maps based upon use of CLE 
(Cleveland Airport) as the base of comparison. CLE is not actually an urban 
station having been located at the SW edge of the city since 1941, although 
it was located downtown prior to that time. However, it is the closest 
station to the central city with sufficiently long records to use as a base 
in the ratio analyses. It really qualifies as an adjacent upwind station to 
the city during most of the sampling period used in the urban studies. 
Fortunately, the presence of WIL with a long-term record near the downwind 
edge of the city (Fig. 1) provides a means of estimating any precipitation 
change across the central city. 
Fig. 5a indicates that the average rainfall in the CDN-DOR areas was over 
25% greater than over Metropolitan Cleveland in the 1954-68 period. This is 
the highest percentage increase over the urban area rainfall in the 60-mile 
radius about the city, and 6-7% higher than the persistent high in the MAN-NOR 
area. The downwind ratios in the CDN-DOR region are somewhat higher than 
those downwind of Chicago where a maximum of 1.20 was found at La Porte for 
summer, 1954-68. However, no upwind ratios of the magnitude found in the 
MAN-NOR area were observed in the Chicago region. This leads to a tentative 
conclusion that the CDN-DOR high is a combination of a climatic anomaly and 
urban-induced enhancement of the natural summer rainfall.' 
Fig. 4b shows the average winter precipitation pattern for the 1954-68 
period, and Fig. 5b shows the winter precipitation ratios. A pronounced high 
in the pattern again appears in the CDN region which received 39% more 
precipitation in the 15-year period than was recorded in the urban area 
(Fig. 5b). Precipitation highs of lesser magnitude are located NW of Hiram 
and in the Canton area. However, the summer precipitation high in the MAN-NOR 
area is replaced by a low in the Winter pattern. Examination of 5-year winter 
precipitation maps in the 1954-68 period showed the most persistent pattern 
features were the CDN high, a small YOT high, a low along the lake shore, and 
a low in the MAN region. The YOT high may be related to urban-industrial 
effects in the Youngstown-Warren area of eastern Ohio (Fig. 1). 
Again, it is not possible to separate urban effects and other factors 
in these seasonal analyses that may be involved in producing the CDN high. 
It could be partially due to the winter lake effect (warming of air moving 
over the lake) and perhaps enhancement induced by the hills in the CDN region. 
However, the low in the MAN-NOR region which is also a hilly area suggests 
that any topographic factor is quite small. 
CDN and NOR are approximately the same distance from the lake and 
located in similar terrain, but CDN received 50% more winter precipitation 
than NOR in the 1954-68 period. This comparison suggests that the urban 
effect on winter precipitation may be pronounced, similar to the situation 
in the Chicago-La Porte area. At La Porte the precipitation ratio was 1.63 
for winter precipitation in the 1954-68 period, somewhat larger than the 
1.39 for the CLE-CDN region in Fig. 4b. From the foregoing evidence, it 
appears that the CDN winter high is partially, at least, the result of urban 
enhancement of the natural precipitation downwind of the Cleveland 
urban-industrial complex. 
Spring spatial patterns in the 1954-68 period were strikingly similar 
to those for summer with highs and lows in the same regions. However, 
precipitation ratios indicated the major high in the CDN area and secondary 
highs in the HIR and MAN regions were not as strong with respect to the 
urban precipitation as during the summer. Thus, the CDN spring ratio for 
1954-68 was 1.19 compared with the summer ratio of 1.27, whereas MAN had 
a 1.11 value in spring compared with 1.21 in summer. However, the precipitation 
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Figure 5. Seasonal patterns of precipitation ratios in Cleveland area, 1954-68, 
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differences between these two stations remained similar with values of 8% 
and 6%, respectively, in spring and summer. Considering all aspects of the 
spring-summer patterns, it is concluded that urban effects in these two 
seasons in the Cleveland area are very similar. 
Fall spatial pattern had certain features of both the winter and summer 
patterns in the 1954-68 period. The downwind distribution (E and SE of city) 
was very similar to the winter distribution, whereas upwind in the MAN-NOR 
region a fall high was present similar to summer. In all season, a low 
exists over the city and along the lake shore. The fall precipitation ratio 
was 1.45 at CDN which compares favorably with the 1.39 winter value in the 
1954-68 period, and indicates the downwind urban effect is similar in the 
two seasons. 
In a further effort to establish the reality of the urban effect, 
comparative analyses of point precipitation during summer and winter were 
made between upwind and downwind stations with long-term records. These 
upwind and downwind stations were grouped by pairs located approximately 
equal distance from Lake Erie to minimize "lake-effect" interference in 
the comparative analyses. Furthermore, within limits permitted by the data, 
pairs were selected which had similar topographic features so as to minimize 
possible hill effects. 
Ratios of the seasonal precipitation at the downwind station to that 
at the upwind station were calculated for eight 5-year periods during 1931-68 
to search for change in the station relationships with progressing time. 
Also, calculations of ratios were made for other periods of various length 
(10, 15, 20, 28, and 38 years) to establish average relationships and to 
evaluate length of time needed to stabilize the relations, that is, to 
counteract the natural variability "noise" affecting the comparisons. 
Results of the point comparisons are presented in Table 1. The WIL/CLE 
ratio provides a measure of the precipitation change across the central city. 
The WIL-SAN comparison represents shoreline stations upwind and downwind of 
Cleveland. 
In his Lake Michigan study, Changnon (1968b) found the lake-induced 
snowfall effect to maximize 10-25 miles inland. HIR and CHI represent stations 
approximately 25 miles from Lake Erie with CHI located upwind (SW) of Cleveland 
and HIR downwind (SE) of the city. Topographically, the two locations are 
similar. However, these two stations are also located upwind and downwind 
of Akron (Fig. 1), an industrial city with a population of 275,000 according 
to the 1970 census. HIR which is located approximately the same distance from 
the SE edge of Cleveland and the NE edge of Akron could conceivably be 
subjected to urban affects from both cities. 
Unfortunately, the CDN station was not opened until 1946. However, 
comparisons between CDN (near the center of the downwind high) and both OBR 
and NOR were made during this period. These comparisons are for stations 
approximately 10 miles inland from the lake. OBR is located in flatlands. 
CDN and NOR are in regions of somewhat similar rolling terrain, although the 
CDN station is at a higher elevation (1260 ft MSL vs. 750 ft). The 0BR-N0R 
combination has been included to aid in evaluating the natural variability 
factor, since both are upwind stations, and therefore, should have experienced 
no changes resulting from nearby large urban environments. 
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Table 1. Comparison of seasonal precipitation ratios, 
downwind/upwind stations. 
Summer Ratios 
Period WIL/CLE WIL/SAN HIR/CHI CDN/OBR CDN/NOR OBR/NOR 
1964-68 0.92 0.76 1.02 1.20 0.93 0.77 
1959-63 0.89 0.83 1.14 1.13 1.06 0.94 
1954-58 1.17 1.05 1.10 1.28 1.23 0.96 
1949-53 0.91 0.88 0.98 1.24 1.01 0.81 
1944-48 1.07 1.05 0.80 - - 0.81 
1939-43 0.98 0.68 0.93 - - 1.05 
1934-38 1.13 0.93 1.01 - - 1.03 
1931-35 1.11 1.09 1.05 - - 0.87 
1959-68 0.90 0.76 1.08 1.17 0.99 0.85 
1954-68 1.00 0.87 1.09 1.21 1.07 0.88 
1939-53 0.99 0.87 0.90 - - 0.89 
1949-68 0.98 0.87 1.06 1.22 1.06 0.87 
1941-68 0.99 0.87 1.00 - - 0.89 
1931-68 1.03 0.89 1.00 - - 0.91 
Winter Ratios 
1964-68 0.98 1.10 1.21 1.43 1.46 1.02 
1959-63 1.00 0.97 1.38 1.32 1.29 0.98 
1954-58 0.86 0.96 1.28 1.48 1.62 1.08 
1949-53 0.81 0.96 0.95 1.23 1.31 1.07 
1944-48 0.98 0.99 0.95 - - 1.03 
1939-43 0.85 1.04 0.94 - - 1.17 
1934-38 0.96 1.06 1.03 - - 1.00 
1931-35 0.91 1.04 1.05 - - 1.03 
1959-68 0.99 1.03 1.28 1.37 1.37 1.00 
1954-68 0.95 1.01 1.24 1.46 1.50 1.03 
1939-53 0.88 1.00 0.95 - - 1.08 
1949-68 0.90 1.00 1.14 1.38 1.44 1.04 
1941-68 0.91 1.01 1.09 - - 1.04 
1931-68 0.91 1.01 1.07 - - 1.04 
The 5-year summer ratios for CLE and WIL in Table 1 do not show a 
pronounced trend to change with time, although the ratio does decrease to 
values considerably below the 19 31-68 and 1941-68 averages during the 
1959-68 period. This would indicate that the summer rainfall at WIL may 
have been decreasing with respect to CLE in recent years; that is, there 
may have been a suppression effect on storms passing over the central city. 
However, the reality of this interpretation must be questioned when 
reference is made to the 0BR-N0R 5-year summer ratios which show a large 
departure from the 1931-68 average in the 1964-68 period and variability of 
similar magnitude as WIL-CLE among its eight 5-year ratios. Furthermore, 
Table 1 shows that the downwind/upwind ratio for most combinations had a 
relatively low value in the 1964-68 period which was due to natural 
variability in the normal distribution of average summer rainfall in 
northern and central Ohio during this five years. 
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The shoreline ratios (WIL/SAN) appear to reflect natural variability 
among the 5-year summer ratios. However, the HIR/CHI ratio does show a 
rather definite trend to increase during the last 15 years; that is, HIR 
may have been experiencing increasing urban effects, particularly since it 
could be subjected to these effects from two sources (Cleveland and Akron). 
The summer ratios involving CDN exhibit no pronounced trend in the 
1949-68 period, but this station does show evidence of an urban effect as 
indicated earlier in the spatial pattern analyses. CDN experienced 6% more 
summer rainfall in the 1949-68 period than NOR, an upwind station with 
comparable regional topography and distance from Lake Erie. The CDN rainfall 
exceeded the NOR average in three of the four 5-year periods. Comparing CDN 
with the flatland station, OBR, we find that CDN had more rainfall in each 
5-year period and averaged 22% more for the last 20 years of the sampling 
period. These calculations further support the earlier conclusion that CDN 
is located in a region where enhancement of summer rainfall results from 
urban effects. 
Table 1 shows averages for two consecutive 15-year periods. Reference 
to these shows no significant change of the summer ratio for the combinations 
of WIL-CLE, WIL-SAN, and OBR-NOR. However, the HIR/CHI ratio has increased 
by 19% from the first period (1939-53) to the second 15 years (1954-68). 
Investigation of observer history and station changes show that this difference 
was not associated with any station movement. Thus, it provides additional 
evidence of a progressing intensification of a summer urban effect in the HIR 
region. 
Examination of the winter ratios in Table 1 show slight evidence of an 
increase in the WIL-CLE ratio in recent years. This, the last 15 years 
averaged 0.95 compared with 0.88 in the 1939-53 period. This suggests that 
WIL may have been experiencing precipitation enhancement in storms moving 
across the city. However, the upwind-downwind shoreline combination (WIL-SAN) 
shows no significant change among the consecutive 15-year periods, whereas 
the ratio would have been expected to increase if WIL was progressively 
experiencing more urban enhancement of its precipitation. Examination of 
the precipitation records for the two stations showed that the cross-city 
change was the result of a greater change in average winter precipitation 
at CLE than at WIL between the two 15-year periods. If the changing WIL-CLE 
ratio is related at all to urban effects, it would have to be related to 
suppression of snowstorms moving southward across the city from the lake. 
However, the unaffected urban ratio, OBR/NOR shows a 5% change between the 
two 15-year periods, so that the observed changes appear to be within the 
limits of natural variability in winter precipitation. 
However, a pronounced increase in the winter ratio of HIR/CHI occurred 
between the two 15-year periods in which the HIR precipitation increased 29% 
from the first to the second period. A strong urban effect in winter is 
indicated at CDN also where the 1949-68 ratios show 38% and 44% more precipitation, 
respectively, than at OBR and NOR, located at equal distances from the 
"lake-effect". The CDN 5-year averages exceeded those at both upwind stations 
by substantial amounts in each of the four 5-year periods. Thus, the point 
analyses strengthen the earlier tentative conclusions regarding a downwind 
urban effect in winter. 
-97-
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
Time trend analyses of summer and winter precipitation were calculated 
to search for evidence of chronological change in intensity of the major 
features of the 1954-68 isohyetal patterns (Figs. 4-5), particularly the 
apparent urban-influenced high in the CDN area. Trends of the 5-year moving 
averages of the precipitation ratios were calculated, and regression 
equations determined for each sampling point in which the ratio was related 
to progressing time. Results are summarized in Figs. 6a and 6b where the 
trend slope patterns (regression slopes) have been presented for summer and 
winter, 1954-68. 
The summer trend pattern indicates a slight decrease in the rainfall 
ratio in the CDN high, but a rather pronounced decrease for the secondary 
high in the RAV-HIR region. Examination of the 1954-68 data indicates the 
RAV-HIR high was the result of heavy rainfall in the 1954-58 period, and 
was not a persistent feature such as the CDN and MAN-NOR highs. A substantial 
increasing trend in the rainfall ratio is indicated at NOR in the persistent 
western high in Fig. 5a. In general, the trend pattern of Fig. 6a indicates 
decreasing rainfall during the 1954-68 period from CLE to CDN. Thus, there 
is no evidence that the CDN high was increasing with progressing time with 
respect to the urban source of enhancement, and, furthermore, it was decreasing 
with respect to the upwind stations W and SW of the city. This does not mean 
that the CDN high is not related to urban effects, since quite obviously the 
effect, if present, would have been active for many years prior to 1954. 
Fig. 6a only shows that there has been little change in the CLE-CDN relationship 
in the last 15 years of the sampling period. The relatively short record at 
CDN (starting in 1946) and at other stations (Fig. 1) near the center of the 
high does not allow long-term examination of the time trend at the center of 
the downwind high. 
However, trends for the 19 31-68 period could be calculated for a few 
stations in the Cleveland area and these provide some information on the 
urban-rural changes with time. Summer trends of precipitation ratios for two 
downwind stations, WIL and HIR, and two upwind stations, OBR and NOR are shown 
in Table 2. All stations show a negative trend which indicates that the urban 
precipitation was increasing with respect to the rural rainfall in the 38-year 
sampling period. This same trend was observed at all stations within the 
60-mile radius for which 1931-68 data were available. 
The winter trend pattern (Fig. 6b) shows an increasing intensity of the 
precipitation ratio along a ENE-WSW line SW, S, SE, and E of the city, with 
maximization in the CDN-BUR region. This suggests a possible downwind 
intensification of the winter urban effect during the 15-year period, but the 
evidence is not strong since the zone of intensification extends at least 50 
miles WSW of the city. In view of its location and orientation, perhaps a 
better argument could be made for intensification of the lake effect or 
suppression of the natural precipitation within the immediate urban area during 
the 15-year period used in this analysis. 
Examination of winter trends for stations with records throughout the 
1931-68 period indicated positive trends both downwind and upwind of the 
urban area, as shown in Table 2. This is opposite of the summer trend for 
1931-68 and indicates that the urban precipitation was decreasing slightly 
with respect to the surrounding rural area. The strongest positive trend in 
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Figure 6. Seasonal time trend patterns of precipitation ratios in 
the Cleveland area, 1954-68. 
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the winter precipitation ratios occurred downwind at HIR which is in an 
area of relative high winter precipitation (Fig. 4b). The positive winter 
trends agree with the trend relationship for 1954-68 (Fig. 6b) when a much 
greater density of stations permitted definition of the areal trend pattern. 
Results of the winter trend analysis, therefore, suggest that precipitation 
suppression may have been induced within the metropolitan area of Cleveland. 
Overall, the trend data for the two periods (1931-68, 1954-68) provide some 
evidence that the urban effect is to decrease winter precipitation in the 
metropolitan area but to induce an increase downwind with maximization 25-40 
miles east of the urban center. 
Table 2. Time trend of precipitation ratios 
during 1931-68 period. 
Station Summer Winter 
WIL -0.005 +0.002 
HIR -0.008 +0.006 
OBR -0.011 +0.002 
NOR -0.004 +0.003 
INTENSITY AND FREQUENCY OF DAILY PRECIPITATION 
Analyses were made of the frequency of daily precipitation amounts 
grouped according to intensity at seven stations in the Cleveland area in a 
further search for evidence of an urban effect. Referring to Fig. 1, stations 
selected were 1) CLE at the upwind edge of the city, 2) ELY about 10 miles WSW 
of the city (upwind), 3) WIL near the lakeshore on the downwind edge of the 
city, 4) PAN located 27 miles NE of the center of the city, 5) CDN about 27 
miles E of the urban center, 6) HIR located 36 miles SE of the central city, 
and 7) ATB near the lakeshore 57 miles NE of the urban center. The daily 
precipitation in the 1954-68 period was divided into three groups which 
included days with amounts equalling or exceeding 0.10, 0.50, and 1.00 inch. 
This grouping was done on an annual basis and for each of the four seasons 
(winter, spring, summer, and fall). 
Results of this analysis are summarized in Table 3 which shows the ratio 
of the number of days at each station to the number at CLE. Annually, 
Table 3 shows a trend for a much greater frequency of heavy rainstorms (days 
with 1 inch or more) downwind where HIR and ATB recorded 40% more of these 
heavy storm days than the urban station (CLE). CDN had the most moderate-intensity 
storms (0.50 inch or more) and also exceeded the urban frequency of 1-inch or 
more raindays by 20%. Annually, the upwind station (ELY) and the lakeshore 
stations at WIL and PAN did not show large departures from CLE in the various 
intensity groupings. 
Seasonally, the number of 1-inch raindays was too few to place much 
emphasis on the numbers, but it is apparent that the comparative frequency of 
heavy raindays between the urban station (CLE), HIR, and ATB is most pronounced 
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in the spring-summer period when convective activity with its associated 
rainshowers and thunderstorms occur most often. In general, Table 3 provides 
evidence that the urban effect maximizes downwind and is most pronounced on 
days of moderate to heavy rainfall, as was found in previous studies at 
St. Louis and Chicago. 
Table 3. Comparison of frequency of daily precipitation amounts 
of selected intensity at urban, upwind, and downwind stations 
in Cleveland area, 1954-68. 
Daily precipitation 
Rural-urban ratio for given season 
equalled or exceeded Total number of 
(inches) ELY WIL PAN CDN HIR ATB days at CLE 
ANNUAL 
0.10 1.05 0.95 0.99 1.23 1.18 1.06 388 
0.50 1.06 1.11 1.16 1.44 1.32 1.22 94 
1.00 1.00 1.08 1.00 1.20 1.40 1.40 25 
WINTER 
0.10 0.95 0.89 0.94 1.31 1.12 0.89 96 
0.50 1.00 1.22 1.22 1.67 1.56 1.33 14 
1.00 0.67 1.33 1.00 1.33 1.33 1.00 3 
SPRING 
0.10 1.08 0.92 0.91 1.25 1.25 0.97 113 
0.50 1.00 1.00 1.00 1.22 1.33 0.96 27 
1.00 1.00 1.00 0.83 1.33 1.33 1.50 6 
SUMMER 
0.10 1.13 0.97 1.01 1.25 1.17 1.11 89 
0.50 1.03 1.10 1.20 1.47 1.27 1.27 30 
1.00 0.82 1.00 0.82 0.82 1.36 1.55 11 
FALL 
0.10 0.99 1.03 1.16 1.43 1.16 1.29 90 
0.50 1.17 1.17 1.26 1.52 1.26 1.43 23 
1.00 1.20 1.20 1.60 1.80 1.60 1.20 5 
WEEKDAY-WEEKEND RELATIONS 
Three stations were used to determine if significant precipitation 
differences occurred on weekdays compared with weekends. As indicated in 
earlier studies for other cities, this type of analysis can help determine 
whether urban-induced precipitation enhancement is related to industrial 
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particulate discharges into the atmosphere. Stations used were CLE on the 
SW edge of the city, WIL near the NE edge, and CDN where both summer and 
winter precipitation maximizes in the Cleveland area. 
Calculations of average precipitation and frequency of measurable 
precipitation were made for each day of the week for the 1949-68 period during 
the warm season, April-October, and the cold season, November-March. The 
precipitation data were grouped into the classes shown in Table 4 to evaluate 
differential effects with increasing intensity of daily precipitation. 
Results are summarized in Table 4 in which weekday/weekend ratios are shown 
for average precipitation on the five weekdays and the two weekend days in 
each season. 
The warm season relations in Table 4 indicate no stable trend for the 
weekday/weekend ratio to increase or decrease with increasing daily precipitation. 
This is true for both the total precipitation and precipitation frequency 
analyses. Thus, these results indicate no significant relationship between 
weekday-weekend differences and daily precipitation intensity. 
Table 4. Average weekday/weekend ratios of daily precipitation 
in Cleveland area, 1949-68. 
WARM SEASON 
Station 0.01-0.09 0.10-0.24 0.21-0.49 0.50-0.99  
Total precipitation ratio 
CDN 0.98 0.93 1.06 0.86 1.17 0.99 
WIL 1.10 1.06 0.86 0.97 1.07 0.98 
CLE 1.12 1.03 0.76 0.96 0.89 0.91 
Precipitation frequency ratio 
CDN 0.97 0.95 1.10 0.84 1.04 0.98 
WIL 1.10 1.10 0.82 0.97 0.99 1.00 
CLE 1.13 1.02 0.79 0.93 0.82 .0.99 
COLD SEASON 
Total precipitation ratio 
CDN 0.90 1.04 1.12 0.93 1.41 1.06 
WIL 0.93 1.10 0.89 1.52 0.88 1.12 
CLE 0.89 1.03 1.21 1.27 1.07 1.07 
Precipitation frequency ratio 
CDN 1.00 1.03 1.13 0.90 1.45 1.00 
WIL 1.00 1.05 0.92 1.50 0.84 1.03 
CLE 0.91 1.07 1.19 1.35 0.95 0.98 
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Referring to the last column in Table 4, when all measurable 
precipitation is combined there is no substantial difference to vary 
substantially between weekdays and weekends; that is, the ratios are close 
to unity except in one case (daily amounts at CLE). A slight trend for 
heavier precipitation on weekends is indicated for the combined data, but 
it is really too weak to have much significance. Overall, Table 4 does not 
provide evidence that industrial-generated particulates are a major source 
of urban effects on precipitation in the warm season. In this respect, the 
Cleveland results differ from those for St. Louis. 
Cold season ratios in Table 4 do not show a stable trend to increase 
or decrease with increasing daily precipitation. However, combining all 
measurable rainfall occurrences, the three stations show an overall tendency 
to have more total precipitation on an average weekday than on an average 
weekend day (6-12%). However, this relationship is not shown in the frequency 
summations. This indicates that total precipitation may be enhanced by 
industrial activity in the urban region, but that the frequency of precipitation 
days is not affected much. 
One outstanding feature in the cold season is that in tabulations of 
both total precipitation and precipitation frequency there is a very substantial 
weekday precipitation increase among the storms of one inch or more at CDN, 
27 miles east of the city and near the center of the winter precipitation 
maximum (Fig. 4b). This provides further indication that the CDN winter high 
is urban-related and supports results from other cities which have shown a 
tendency for the urban enhancement to be most pronounced on days with moderate 
to heavy precipitation. 
SYNOPTIC STUDIES OF WINTER PRECIPITATION 
A study was made of the distribution of total winter precipitation and 
snowfall in the 1960-64 period in which daily amounts were stratified according 
to wind direction and synoptic storm type. This additional study was undertaken 
because of the existence of the strong winter high in the CDN area. This high 
could be related to the three factors mentioned in earlier discussions, 
namely, precipitation increases resulting from urban effects, lake effects, 
and the rolling terrain in the CDN region. The 1960-64 period was used for 
two reasons; the time-consuming analyses would only permit a 5-year study, and 
the published daily wind data was expressed in terms of resultant winds rather 
than prevailing winds after 1964. Wind data for the study were obtained from 
summaries of climatic data for Cleveland and Akron published by the U. S. 
Weather Bureau, and synoptic types were determined from daily weather maps. 
Wind-Precipitation Relations 
Table 5 shows the average percentage frequency of surface winds at 
Cleveland and Akron, based upon all hours, hours with all types of precipitation, 
and hours with snow and sleet. The all-hour frequencies are based upon U. S. 
Weather Bureau studies of 19.51-60 data published by the U. S. Department of 
Commerce (1962, 1963). The all-precipitation frequencies and the snow-sleet 
frequencies were obtained from analyses of 1960-64 data published in monthly 
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summaries of climatic data compiled by the U. S. Weather Bureau (U. S. 
Department of Commerce, 1960-64). Table 5 shows that the most frequent 
surface wind directions at both Cleveland and Akron are from S through WNW. 
However, when only hours with precipitation are used, the range from SW 
through WNW is most common at both stations. At Cleveland, the SW-WSW winds 
are very dominant during precipitation, accounting for over 30% of all 
precipitation hours and 35% of the hours with snow or sleet. Referring to 
Fig. 4b, it is obvious that the predominant precipitation winds are favorable 
for transporting urban effects to the CDN and HIR areas from Cleveland and/or 
Akron. 
Table 5. Percentage frequency of surface winds at 
Cleveland and Akron. 
Percent of Total Hours for Given Conditions 
Wind All Hours Precipitation Hours Snow and Sleet Hours 
Direction CLE AKC CLE AKC CLE AKC 
N-NNE 8.4 7.3 9.0 6.9 8.8 7.7 
NE-ENE 4.0 4.7 4.5 6.4 4.8 6.4 
E-ESE 4.7 4.1 4.1 4.1 2.9 2.9 
SE-SSE 10.9 10.7 6.9 7.6 2.9 3.5 
S-SSW 23.7 20.4 15.3 10.7 13.1 6.8 
SW-WSW 21.8 18.2 30.5 23.6 35.1 26.0 
W-WNW 15.1 17.0 19.0 23.4 21.3 27.0 
NW-NNW 10.0 15.6 10.0 16.3 10.7 18.6 
Calm 1.4 2.0 0.7 1.0 0.4 1.1 
In the next step of this study, the total winter precipitation, percent 
of total precipitation, and the precipitations ratios (X/CLE) were determined 
in the 1960-64 period for each direction group in Table 5. With SW-WSW winds, 
32% of its total winter precipitation was recorded at CDN, and its 5-year 
average of 14.06 inches was 2.58 times that recorded at Cleveland Airport. 
Fig. 7a shows the 1960-64 winter precipitation pattern with SW-WSW winds. Only 
ATB, about 55 miles NE of CLE received a higher percentage of its total winter 
precipitation with this wind group (33%), and this station located near the lake 
with also directly downwind of Cleveland with SW-WSW winds. It is believed 
that the primary contribution to the CDN high with the SW-WSW winds, which are 
definitely not lake-tractory flow, must be accounted for between topographic 
and urban effects. The MAN-CMD-ALD area in the southwestern part of the study 
area (Fig. 1) have similar terrain and elevations as CDN but received only 
10-20% of their winter total with the SW-WSW precipitation winds. This fact, 
along with the 33% of the winter total with SW-WSW flow at ATB in the flatlands 
downwind of CLE, appear to be relatively strong circumstantial evidence for a 
major contribution of Cleveland urban effects to the CDN high of Fig. 4b. An 
urban-effect contribution from Akron could be instrumental in development of 
the secondary Hiram high of Fig. 4b. HIR received about 27% of its winter 
total with SW-WSW winds. 
Figure 7, Precipitation patterns in Cleveland area with varying surface wind flow patterns in winter storms, 1960-64. 
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Precipitation with W-WNW winds (Fig. 7b) was the second largest 
contributor to the total winter precipitation in the CDN area, accounting for 
16% of its total. Again, the CDN winter total with this wind group was 2.58 
times that recorded at the Cleveland Airport. However, with WNW winds the 
lake-effect trajectories become a possible contributing factor to the CDN high, 
along with urban and topographic effects, and the separation cannot be made 
climatologically. However, the fact that upwind stations such as ELY, OBR, 
and NOR (Fig. 1) received less than 50% of the CDN total with W-WNW winds does 
not indicate a amjor lake effect on the precipitation totals with these winds. 
When the winter precipitation totals are plotted for the NW-NNW lake-
flow winds (Fig. 7c), supporting evidence of urban effects being the major 
contributor to the CDN high is found. With this group, the CDN high disappears 
and the most pronounced high appears near RAV (Fig. 1), about 30-35 miles SE 
of Cleveland. 
With N-NNE winds, the heaviest precipitation occurred at MIL, about 25 
miles SSE of the potential Youngstown urban-industrial source of condensation 
and freezing nuclei. MIL received 21% of its winter total in this situation, 
which is its largest contribution from the various wind groups. 
With S-SSW winds (Fig. 7d), the Cleveland urban-effect contribution to 
the CDN high should be minimal. A relatively flat pattern throughout the 
sampling region was obtained with precipitation occurring with this wind group 
which ranked third about the groups in Table 1 with respect to association with 
winter precipitation. In this case, CDN received 25% more precipitation than 
CLE, and this would appear to be an approximate measure of the hill effect on 
augmenting precipitation in the CDN region. Comparing this with the 158% 
greater total with the SW-WSW winds, which should have been associated with 
minimal lake flow in the low levels, a relatively strong case for a pronounced 
urban effect in the CDN area becomes apparent. 
Overall, CDN received 1.65 times more winter precipitation than CLE in 
the 1960-64 period. Table 6 shows a comparison between CDN, CLE, and an 
upwind station (NOR) located in rolling terrain, although not quite as pronounced 
as at CDN. However, CDN and NOR are approximately the same distance from the 
lake. The major precipitation excessive at CDN over that at CLE and NOR is with 
the SW-WSW winds, the most favorable for Cleveland urban effects to be pronounced, 
based upon wind flow from the city and minimal (if any) flow off the lake in 
the lower layers of the atmosphere. 
Table 6. Relation between wind direction and total winter 
precipitation at selected stations, 1960-64. 
Wind Average Winter Amount (in.) Percent of Winter Total 
Direction CDN CLE NOR CDN CLE NOR 
N-NNE 4.9 3.6 3.8 11 14 13 
NE-ENE 2.0 1.7 1.7 5 6 6 
E-SE 1.5 1.8 2.5 4 7 3 
SE-SSE 6.3 6.1 6.3 14 23 22 
S-SSW 5.3 4.2 5.5 12 16 19 
SW-WSW 14.1 5.5 4.5 32 20 16 
W-WNW 7.0 2.7 2.9 16 10 10 
NW-NNW 2.8 1.1 1.5 6 4 5 
All Directions 43.9 26.7 28.7  
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Analyses of winter snowfall totals in the 1960-64 period showed CDN 
receiving 2.48 times as much as CLE. This compares with a total precipitation 
ratio of 1.65, so that the percentage increase in snowfall was greater. Trend 
analyses of total snowfall were made for the 1954-68 period used in previous 
seasonal analyses and showed increasing trends east and south of Cleveland 
extending into the Akron, Canton, and Warren regions. West and southwest of 
the city there was a generally decreasing trend in snowfall. Trend increases 
were also found downwind with total winter precipitation, as discussed in a 
previous section, but not within the city. The snowfall trend analysis does 
add some additional evidence of a winter urban effect from Cleveland, and 
possibly, other relatively large cities in eastern Ohio. 
Synoptic Type-Precipitation Relations 
The most productive synoptic type in winter was low centers which 
accounted for about 35-45% of the total precipitation at the various sampling 
stations. CDN had 37% of its total associated with low centers, 18% with 
cold fronts, 18% with occluded fronts, with the rest distributed among warm 
fronts, static fronts, troughs, general airmass situations, and lake airmass 
storms. These lake storms provided only about 6% of the CDN total and 2% of 
the CLE total. At CLE, 35% of the winter precipitation occurred with low 
centers, 21% with cold fronts, and 18% with occluded fronts. The synoptic 
type distributions were similar in the urban area and in the downwind maximum 
precipitation region. Thus, major differences in precipitation yield from 
various synoptic types were not a primary cause of the CLE-CDN differences. 
In the final step of this study, combinations of wind and synoptic type 
were related to precipitation production. With SW-WSW winds which were the 
major contributor to the CDN high, maximum precipitation within the sampling 
area of Fig. 1 occurred with all three major synoptic types (low centers, cold 
fronts, and occluded fronts). The CDN high was present with all synoptic 
types except trough-line storms in which it was displaced NE to the ATB area. 
With W-WNW winds, the CDN high was again found with all major synoptic 
types. In fact, examination of synoptic type and total precipitation associated 
with various wind direction combinations led to the conclusion that the winter 
precipitation pattern was primarily dictated by wind movement and had very 
little direct dependency upon synoptic storm type. However, the frequency of 
occurrence of various wind directions varies somewhat with synoptic type, so 
that indirectly there is some dependency on synoptic storm frequencies. 
THUNDER-DAY AND HAIL-DAY DISTRIBUTIONS 
The first-order and cooperate stations shown in Fig. 2 were used in the 
thunder and hail analyses. The period of record used for each of the 21 
stations is listed in Table 7. All cooperative station data were evaluated for 
reliability using the method developed by Changnon (1966). It should be noted 
that the first-order station at Cleveland was downtown and the "city station" 
from 1901-1940, and thereafter was moved to the airport southwest of the city. 
The lack of dual station operations at both Cleveland sites eliminated a 
potentially valuable comparative analysis of the upwind airport values with 
the in-city values, as had been done at Chicago and St. Louis. 
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Table 7. Stations with quality hail-day and thunder-day 
records in the Cleveland area. 
Number 
Station Period of Quality Record of Years 
Akron - Canton 
(first-order station) 19 33-69 37 
Ashland 1913-66 54 
Cadiz 1904-30 27 
Chardon 1950-68 (hail and summer thunder only; 19 
Cleveland 
(first-order Airport station) 1941-69 29 
(first-order City station) 1901-40 40 
Elyria 1951-69 (hail and summer thunder only) 19 
Erie, Pa. 
(first-order station) 1901-53, 1956-69 67 
Fremont 1902-42 41 
Garrettsville 1902-14 13 
Geneva 1945-62 (hail) 18 
Hillhouse 1901-20 (hail) 20 
Hiram 1904-25, 1938-47, 1951-56 (thunder) 38 
1902-26, 1940-69 (hail) 35 
Medina 1902-44 (hail) 43 
Norwalk 1914-48, 1952-59 (thunder) 43 
1903-69 (hail) 67 
Painesville 1951-65 (hail) 15 
Ravenna 1950-69 (hail) 20 
1954-64 (thunder) 11 
Sandusky 1901-69 (hail) 69 
(first-order station) 1901-63 (thunder) 63 
Tiffin 1902-29 (thunder) 28 
1902-50 (hail) 49 
Willoughby 1952-67 16 
Wooster 1902-50 (hail) 49 
Youngstown (substation and 1951-69 (thunder) 19 
first-order station) 1925-38, 1943-56, and 1951-69 (hail) 37 
1for hail and thunder, unless noted otherwise. 
Analysis of the thunder-day and the hail-day data was largely restricted 
to seasonal and annual frequencies. Point-to-point comparisons were made on a 
temporal basis using stations with long quality records. Some area-mean 
hail-day analyses were performed wherein data from two stations upwind of 
Cleveland were grouped and averaged, and then compared with data from two 
stations immediately downwind of Cleveland and with that from another pair of 
stations in a more distant downwind area. Various pattern analyses were made 
using base periods when large numbers of stations with quality data were 
available to describe adequately the patterns. 
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Thunderstorm Results 
Temporal Studies. Data for the 3 first-order stations in and around 
Cleveland with the longest records of thunder days were analyzed to examine 
for presence of trends. The 5-year totals for the 1902-66 period are shown 
on Fig. 8. Presumably, the values at Sandusky and Akron should not reflect 
any urban effects and thus serve as control values, whereas the Cleveland 
values might reflect urban effects. Examination of these curves does not 
indicate any marked increase in thunder days at Cleveland during this 65-year 
period. The magnitude of the fluctuations in Cleveland is matched by those 
of the other stations. It should be noted that at the end of 1940, or during 
the 1937-41 period shown on Fig. 8, the observations at Cleveland shifted 
from the downtown City Office to the upwind Airport station. Thus, if there 
had been an increase in thunder-day frequencies over the city sometime after 
1940, it would not be reflected in the "Cleveland record". Nevertheless, from 
available data, there is no evidence in the long-term records for Cleveland of 
an urban increase or thunderstorms. 
Figure 9 presents 5-year moving thunder-day totals for three seasons and 
the annual period based upon data in the 1950-68 period. This particular 
period was chosen because a station, Willoughby, located immediately downwind 
of Cleveland (see Fig. 2), had thunder-day frequencies during its period of 
quality records (1952-67) that were markedly higher than those elsewhere. 
Other data presented in Fig. 9 are for three surrounding first-order stations: 
Cleveland Airport upwind west of Willoughby, Youngstown to the south, and 
Erie east and downwind along the lake. In the spring (Fig. 9) the Willoughby 
frequencies approximate those at the other stations through 1962, but thereafter 
show a gradual increase becoming approximately 20% greater in the later part 
of the sixties. The summer season graph (Fig. 9) also shows that the 
Willoughby frequencies are comparable to those in Youngstown through the 
5-year period ending in 1961, but thereafter an increase occurs. During the 
1960's the Willoughby summer thunder-day frequencies are approximately 40 to 
50% greater than those at Youngstown and Cleveland, and approximately 25% 
greater than those at Erie. It is noteworthy that the Willoughby curves for 
summer and fall are not unlike the shape of the curves for Erie in these seasons. 
In fall, the Willoughby curve is markedly higher than the Cleveland and 
Youngstown curves throughout the 1952-67 period, but this difference is 
apparently due to lake-effects since the Erie curve is of the same magnitude 
and shape as the Willoughby, and Erie is not considered to represent urban 
effects in its thunder frequency. 
Inspection of the annual curves on Fig. 9 reveals that Willoughby is 
greater than those of Cleveland Airport and Youngstown throughout its period 
of data (1952-67). The higher values in the 5-year periods in the 1952-61 
period are largely due to the greater fall frequency which is explainable by 
lake effects. However, the marked increase in thunder days at Willoughby 
after 1961 is apparently due to external effects, presumed to be urban effects. 
These are most pronounced in the summer season (25%), but are also evident in 
the spring season (20%). 
Spatial Studies. The stations with quality thunder data of 10 years or 
more duration during the 1901-69 period were used to develop average seasonal 
and annual patterns of thunder days in northeastern Ohio, and these average 
- 1 0 9 -
Figure 8. 5-year moving totals of annual thunder days at first-order stations. 
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Figure 9. Time trends of thunder-day occurrences in Cleveland area. 
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patterns appear on Fig. 10. The spring pattern shows a high frequency area 
extending from central Ohio into northeastern Ohio with a diminishing to the 
northeast. However, the higher thunder-day frequencies at Willoughby in 
spring, as reflected in Fig. 10, result in a moderate downwind high in the 
pattern. 
The downwind high in summer hail days (Fig. 10) is quite evident, 
and it is amplified by a sharp eastward decrease in thunder-day frequencies 
from Sandusky and Norwalk towards Cleveland. The summer pattern reveals 
the same ridge of high thunder frequency to the west of the region and 
extending through Akron in a northeasterly direction. This higher frequency 
area may be due to the higher elevations and the bluff effects in this general 
area. The Willoughby high in summer is partially supported by a higher average 
value at the Cleveland City Office than exists at the Cleveland Airport and 
Elyria. 
The average pattern of fall thunder days (Fig. 10) also indicates a 
localized high downwind of Cleveland at Willoughby. This high at this time 
of the year may be due to lake effects (Changnon, 1968b) and/or due to urban-
industrial effects in Cleveland. The annual thunder-day pattern distinctly 
reveals the ridges of high thunder frequency extending from central Ohio 
northeastward and eastward into northeastern Ohio with rapid decrease in thunder 
activity in and west of the Cleveland area, followed by a sharp increase in 
frequency at Willoughby. Unfortunately, no other stations in the extreme 
northeastern corner of the state existed with quality thunder records to 
substantiate the reality of the Willoughby record. Its distance downwind from 
the industrial section of western Cleveland is approximately 15-20 miles, and 
thus the thunder-day high defined by Willoughby is at a distance comparable 
to those found at Chicago and at St. Louis. 
Hail Results 
Temporal Studies. Fig. 11 presents historical hail-day curves for three 
first-order stations with long records. In the period from 1902 through 1966, 
curves based on 5-year total hail days are shown for these 3 stations. The 
Cleveland and Sandusky values are in reasonably close agreement through 19 36, 
but thereafter do not relate well. Sandusky and Akron reveal distinct maxima 
in the 1952-66 period which agrees with the high thunder-day frequencies 
recorded at these two stations in this period (Fig. 8). Cleveland shows a 
general increase in hail days from 1902 through 1942 (period ending in 1946), 
followed by a general decrease. The long-term historical record hail-day 
values for Cleveland do not exhibit any marked fluctuations that could be 
ascribed to urban effects. 
Since point-to-point comparisons of hail-day data are difficult because 
of the low point incidence of hail, and the resulting large variability, as 
revealed in Fig. 11, another means of investigating time-space variations of 
hail was employed. Regional hail-day frequencies for the 1945-69 period, as 
determined at two "upwind control" hail stations, were derived and compared 
with those developed from two "effect area" stations (immediately downwind of 
Cleveland), and with two "downwind control" stations. This particular period 
was chosen because of comparable hail records for these stations during this 
period. The upwind control (no urban effect assumed) stations included the 
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Figure 10. Seasonal patterns of thunder-day frequencies in Cleveland area. 
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Figure 11. 5-year moving totals of annual hail days at first-order stations. 
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Cleveland Airport and Elyria stations (Fig. 12). The two stations in the 
effect area, Chardon and Hiram, are located at distances comparable to 
locations downwind of Chicago (La Porte) and St. Louis (Edwardsville) where 
marked hail increases were found in summer hail days. As shown in Fig. 12, 
the effect-area frequencies continuously exceeded those of the other areas 
after 1947. During the 1953-69 period, the effect area 5-year averages for 
summer hail days was 8 as compared to 4.4 hail days in the upwind area and 
4.0 days in the downwind area. In the 1945-52 period, the effect-area average 
value was 3.2 summer hail days per 5 years as compared to 4.5 days in the 
downwind control and 4.7 in the upwind control. Thus, an urban-related 
increase in summer hail days occurred in the 1948-53 period, and resulted in 
an average frequency thereafter that was 100% higher than the downwind control 
area average and 80% higher than the upwind control area average. 
Table 8 shows the total annual and seasonal numbers of hail days in each 
of the three areas for the 1945-69 period. Increases in hail days in the effect 
area do not exist in the spring and fall seasons. The west-east decrease 
related to macroscale hail-producing conditions in spring is obvious. This 
cancels the summer increase in the effect area in the annual totals, so that 
the upwind control (west) has the highest value and the lowest number is in 
the downwind control (east). 
To examine further the summer (June-August) hail-day increase at Chardon 
and Hiram, the values for these stations and five others in the surrounding 
area with long records were analyzed for two periods, 1952-67 and pre-1952. 
Averages were calculated for both periods and are shown in Table 9. Chardon 
and Hiram show increases in the 1952-67 period amounting to 100 and 33%, 
respectively, of their earlier averages, whereas the surrounding stations 
showed no increase or a decrease. This further illustrates the hail anomaly 
at these two stations downwind of Cleveland. 
Table 8. Total number of area (2-station) 
hail days, 1945-69. 
Area Spring Summer Fall Winter Annual 
Upwind Control 48 24 26 5 101 
Effect 37 33 20 4 94 
Downwind Control 28 22 35 8 93 
Table 9. Summer hail-day averages for 2 periods at selected stations. 
Average number of summer hail days 
Cleveland 
Erie Chardon Hiram Youngstown Ashland Airport Akron 
1952-67 0.3 0.8 0.8 0.6 0.6 0.3 0.8 
All years 
prior to 
1952* 0.5 0.4 0.6 0.6 0.9 0.4 0.9 
Difference -0.2 +0.4 +0.2 ±0 -0.3 -0.1 -0.1 
* The City Office average was 0.6. 
Figure 12. 5-year moving totals of summer hail days in 3 areas, as defined 
by data from 2 stations in each area. 
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Spatial Studies. To describe the spatial patterns of hail, data from 
the 1952-67 period were chosen. This was a period when a) there were a maximum 
number of stations with quality hail records, and b) the apparent urban-related 
increase existed. The average seasonal patterns for the spring, summer, fall, 
and annual periods are shown in Fig. 13. Inspection of the patterns for spring 
and summer shows a low parallel and along the WSW-ENE trend of Lake Erie, and 
this clearly reveals existence of lake effects which due to the relatively 
cold lake in these seasons, tends to suppress convective activity. The general 
climatic trend of hail in Ohio where the lake does not affect conditions has a 
west-to-east decrease (Stout and Changnon, 1968), and this is apparent in the 
spring and summer patterns to the south and west of Cleveland. 
The Hiram-Chardon increases in summer hail days during this period, which 
were evident in Fig. 12 are also quite apparent in Fig. 13. A distinct 
localized high frequency area (based on these two stations) is apparent east of 
Cleveland. This high is made more obvious because it exists in an area where 
the lake-affected suppression of hail activity occurs. 
In the fall season (Fig. 13c) there is no apparent urban-related increase 
with only the increases obviously related to lake effects, particularly to the 
northeast. Stations like Willoughby, Painesville, Geneva, and Erie have their 
highest seasonal averages in fall. The annual pattern (Fig. 13) does not reveal 
the hail high downwind from Cleveland. This is the result of the varying 
seasonal patterns in spring and fall when lake effects reverse throughout 
northeastern Ohio and when no significant urban-related increases occur. 
CONCLUSIONS 
Seasonal spatial analyses provided evidence of an urban enhancement of 
summer rainfall 25-50 miles east of the central city in the Chardon-Dorset 
region and 25-35 miles SE in the Hiram-Ravenna region. Isolation of the 
magnitude of this effect is complicated by physiographic features of the area, 
but comparisons between upwind and downwind stations in Fig. 4a indicate the 
urban enhancement is of the order of 5-15%. Indications of a spring enhancement 
similar in location and magnitude to the summer urban effect was found also. 
Evidence of a more pronounced urban enhancement was found during winter 
in the Chardon area which averaged 30-40% more precipitation than the city 
in the 1954—68 period. Examination of data for upwind stations with similar 
topography and/or distance from Lake Erie (such as NOR and OBR in Fig. 1) 
indicates the Chardon high is not primarily the result of lake or hill effects. 
This is further substantiated by a secondary winter high having 20% more 
precipitation than the city near Hiram, about 25 miles SE of the central city, 
and in a region which could be expected to reflect urban enhancement also. A 
downwind effect in fall similar to winter conditions was noted. 
Analyses of daily precipitation grouped according to intensity provided 
evidence that the Cleveland urban downwind enhancement is most pronounced 
on days of moderate to heavy rainfall, similar to findings at St. Louis and 
Chicago. Warm season analyses of weekday-weekend relations provided little 
support for significant weekday-weekend differences in the frequency and 
intensity of daily rainfall (indicative of the industrial impact on the 
inadvertent modification of precipitation). However, cold season analyses did 
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Figure 13. Average number of hail days in Cleveland area, 1952-67. 
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provide some evidence of greater intensification of natural precipitation 
from urban effects on weekdays compared with weekends. 
The major conclusion from the study of relations between wind direction, 
synoptic type, and winter precipitation is that there is strong evidence to 
support a relatively pronounced urban-induced increase in precipitation in the 
CDN area. This winter maximum is located in the CDN area because of the 
dominance of SW-WSW-W-WNW winds at and near the surface during the occurrence 
of winter precipitation. 
With regard to thunderstorms, one station five miles downwind of 
Cleveland showed an average of five more thunderstorm days per year, which 
represents a 14% increase over the values expected. Evidence was found of 
an average increase of 25% in summer (during the 1960-68 period) and an 
indication of a 20% recent increase in spring thunder days downwind of Cleveland. 
The period of downwind increase in thunder-day activity occurred primarily 
in the early 1960's. The Cleveland City Station showed no increase in thunder, 
but it was terminated in 1940, and the only city-area station is at the Airport 
which is upwind of the urban complex; unfortunately, only one station, 
Willoughby, defines the downwind increase in thunder activity. This station 
does not show a comparable increase in hail days. However, at St. Louis, the 
city-located station reflecting the major urban-related thunder-day increase 
there also did not indicate any hail-day increase. 
Cleveland's potential effect on severe weather conditions is difficult 
to analyze because of the pronounced lake effects during the spring and fall 
seasons of major thunderstorm and hail activity. These lake effects tend to 
mask any urban-related hail increase that exist, other than in summer. 
Hail-day increases were apparent in summer at two stations located 25-35 miles 
downwind of the urban center. These urban-related summer increases in hail-day 
frequencies began in the early 1950's. Downwind hail-day increases in summer 
amounted to 80-100%. Results for Cleveland are quite similar to those obtained 
at Chicago and St. Louis. The pattern of increase found in all three locations 
consists of 1) greatest increases in the summer season, 2) the thunder and hail 
increases began in the 1947-60 period, 3) the thunderstorm increases are lower, 
percentagewise, amounting to 15-35%, than the hail increases which amount to 
50 to 200%, 4) the thunderstorm increases occur over the city and/or immediately 
downwind and those over and near the city are not accompanied by hail 
increases, and 5) hail increases occur farther downwind. 
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URBAN EFFECTS ON PRECIPITATION AT WASHINGTON 
INTRODUCTION 
Washington with a 1970 population of approximately 757,000 is an eastern 
coastal city with little industrial development. Consequently, any significant 
urban effect would most likely be related to the city heat island, automobile 
combustion products, or causes other than industrial discharges of nucleating 
particulates. Topographically, Washington lies about 50 miles east of the 
Blue Ridge Mountains and 35 miles west of Cheasapeake Bay at the junction of the 
Potomac and Anacostia Rivers. Elevations range from near sea level to 400 ft 
in the NW part of the city. 
According to observations at the National Airport, near the center of 
the metropolitan heat island, average minimum temperatures at some locations 
are 8°F lower than at the airport (U. S. Dept. of Commerce, 1969). Variations 
in the average maximum temperature are usually less than 5°F over the 
metropolitan area. Summers are warm and humid, winters are mild, and there 
are no pronounced wet and dry seasons. Prevailing winds are southerly, except 
in December, January, and March when they shift to NW. According to a study 
by Fassig (1907), most storm motions in the Washington-Baltimore area are from 
azimuths of 225° to 315°. Thus, urban effects on precipitation would be 
expected to occur most frequently over the two cities and within approximately 
25 miles NE, E, and SE of the urban centers. 
Fig. 1 shows the location and period of record at stations surrounding 
the city that were used in the daily and seasonal precipitation analyses. 
Fig. 2 shows similar information for the metropolitan network which permitted 
more detailed analyses within and near the city. 
SPATIAL PATTERNS OF SEASONAL PRECIPITATION 
Analyses were made of the spatial precipitation patterns for the four 
standard seasons. Data for 1931-68 were used in the analyses, but major 
emphasis was placed upon the 1949-68 period because of a more satisfactory 
density of precipitation stations in the Washington-Baltimore region. 
Basically, the 1949-68 spatial patterns indicated a distinct, persistent high 
in the summer rainfall pattern extending SW-NE across the city. This high 
was apparent in the latest 5-year period (1964-68), the 10-year period (1959-68) 
and the 15-year period (1954-68). The high decreases in intensity NE of 
Washington, then increases again downwind of Baltimore which is about 35 miles 
NE of Washington. Evidence of an urban-related high was found also over and/or 
downwind of Washington and in the Baltimore region in winter, spring, and fall. 
The urban-induced increases appear to be of the order of 5-10%. 
Fig. 3 shows average summer rainfall patterns in the latest 5-year and 
20-year periods in the Washington-Baltimore region. The dashed outline in 
the center of these maps represents the District of Columbia. The range rings 
are at 25-mile intervals, centered at CIT (Fig. 2). The rainfall high located 
25-50 miles west of Washington is apparently associated with higher terrain of 
the mountains (Woolum and Canfield, 1968). Another high is oriented SW-NE 
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Figure 1. Location and period of record of station used in daily and 
seasonal precipitation analyses in Washington region. 
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Figure 2. Location and period of record of station used in daily and seasonal 
precipitation analyses in Washington metropolitan network. 
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Figure 3. Summer precipitation patterns in Washing ton-Baltimore region. 
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across the Washington-Baltimore region with maximization a few miles NE of 
Baltimore. Fig. 4 provides summer isohyetal patterns in the Washington 
metropolitan region, where an urban network of volunteer observers has been 
in operation since 1946 (Woolum and Canfield, 1968). The range rings are at 
5-mile intervals about CIT in this presentation. In both maps of Fig. 4 the 
urban high is quite pronounced. Also, note that a region of relatively low 
rainfall extends along the valleys of both the Potomac and Anacostia Rivers. 
These river lows appear to cause a break in what otherwise would be a 
continuous ridge in the rainfall pattern across the metropolitan area. 
Fig. 5 shows a SW-NE summer rainfall profile for the Washington-Baltimore 
region for the 1954-68 period. This profile extends from the Blue Ridge 
foothills through central Washington at CIT (Fig. 1) and northeastward through 
the Baltimore urban region. There is a characteristic decrease from the foothills 
to the river lowlands, followed by a rainfall increase through the Washington 
urban area that exceeds the foothill rainfall. A decrease then occurs NE of 
Washington, and this is followed by a sharp increase within the Baltimore urban 
area that continues northeastward. The increase across the Washington urban 
area in Fig. 5 is only about 3%, but the Baltimore increase is 12%. In view 
of the upward trend in the profile SW of the Washington urban area, the 
relatively small increase across the city along this particular profile would 
leave the presence of any urban effect in this situation somewhat questionable. 
However, the urban peak was SE of this profile and had average summer rainfall 
8% higher than was recorded on the SW edge of the city. 
Fig. 6 shows the 1949-68 winter patterns in the Washington-Baltimore 
region and within the Washington metropolitan area. Fig. 6a shows an area of 
relatively heavy precipitation is present over the city and NE of Baltimore, 
similar to the summer regional pattern of Fig. 3. Also, similar to the summer 
pattern, a mountain-associated high is located approximately 40 miles west of 
Washington. Woolum and Canfield (1968) found that average snowfall ranges 
from 16 inches in the center of Washington to nearly 22 inches over higher 
terrain the northwestern and eastern suburbs. They attribute this difference 
to the combined effect of elevation and the urban heat island. 
Figs. 7 and 8 show spatial patterns for spring and fall in the 1949-68 
period. Both show the same general features as the summer and winter patterns 
in the urban areas, but with some minor changes in the locations of highs and 
lows. Thus, within the immediate urban areas in the Washington-Baltimore 
region the seasonal patterns are quite similar. Also, as pointed out in the 
earlier discussion of the summer pattern, the major features of the seasonal 
patterns are persistent throughout the 1949-68 sampling period. 
Fig. 9 shows precipitation ratios for the metropolitan area, based upon 
use of Washington National Airport (NAT) as the comparison point. Thus, 
Fig. 9a shows the pattern resulting from the ratios of average summer rainfall 
at each station in the 1949-68 period to the NAT average. Fig. 9b shows the 
ratio pattern for winter in the 1949-68 period. These figures provide a 
measure of the percentage change in seasonal precipitation throughout the city 
and the nearby suburban areas. In the region of heaviest summer rainfall 
across the city and eastward, amounts were mostly 5% to 15% more than NAT and 
suburban stations to the north and south of the urban area. Indications of 
an average increase of 10% from urban effects appears reasonable from the 
summer pattern. 
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Figure 4, Summer rainfall patterns in Washington metropolitan area. 
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Figure 5. SW-NE summer rainfall profile for Washington-Baltimore area, 1954-68. 
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Figure 6. Winter precipitation patterns. 1949-68. 
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Figure 7, Spring precipitation patterns, 1949-68. 
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Figure 8. Fall precipitation patterns, 1949-68. 
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Figure 9. Precipitation ratios in Washington metropolitan area, 1949-68. 
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The winter pattern in Fig. 9b indicates a somewhat smaller increase in 
and downwind of the urban area. The majority of the station values across the 
city and northeastward in the heavy precipitation zone were 5-10% greater 
than NAT and suburban stations north and south of the city. Spring and fall 
percentage increases were similar to the winter increases, that is, generally 
of the order of 5-10% in the potential urban-effect region. 
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
Time trend analyses of summer and winter precipitation were made to 
determine whether chronological changes in intensity of the major features of 
the seasonal patterns have occurred in the Washington region, and whether 
such changes (if present) support or oppose the apparent urban effect on 
precipitation across the city and NE and E of the urban area indicated in the 
spatial analyses. Thus, an increasing difference between the potential effect 
region and no-effect areas would support an urban precipitation effect. The 
same procedure was employed as at the other cities. Trends of the 5-year 
moving averages of seasonal precipitation and precipitation ratios were 
calculated, and related to progressing time. The regression slope then 
represents the sampling period trend. 
Trends were calculated for three periods; 1931-68, 1949-65, and 1954-68. 
The 1949-65 period was calculated so that precipitation ratio trends could be 
calculated with CIT (Fig. 2), a long-term Weather Bureau station near the 
center of city, as the comparison base. This station closed after 1965. 
Fig. 10 shows the precipitation ratio trends for the 1949-65 period in 
the metropolitan area. Both the summer and winter trends in Fig. 10 lend some 
support to an urban precipitation effect. Both seasonal patterns indicate 
that seasonal precipitation in the regions immediately surrounding the District 
of Columbia (dashed outline) has been decreasing with respect to the central 
urban station (CIT). Some portions of the urban area, however, have been 
experiencing an increase in seasonal precipitation compared with CIT, and 
this would be expected since there is no reason to believe that CIT would 
have the maximum effect among all stations. However, there is one disturbing 
feature about Fig. 10, and that is the increasing trend indicated SW of the 
District in both summer and winter. No major urban effect would be expected 
in this region, since the majority of the storms move from a SW-W-NW direction. 
Thus, the possibility of the "I" areas being primarily a climatic anomaly in 
the 1949-65 period cannot be eliminated. 
Precipitation trends for the 1954-68 period (not shown) indicated a 
generally increasing trend in winter over and NE of the city, but also extending 
WSW to distances in excess of 50 miles. Areas to the north and south of the 
city showed decreasing winter trends. Except for the fact that the maximum 
upward trend was recorded at USH in the urban area, the 1954-68 pattern offers 
no support for an increasing urban effect with progressing time. The zone of 
increasing trend appears to be primarily a climatic variance in the 15-year 
sampling period. Examination of the 1954-68 summer trends did not reveal any 
support for an urban-intensified trend. 
Although only a relatively few stations were available in the 1931-68 
period to establish trend patterns, calculations were made to search for 
possible long-period changes that varied within and outside the potential 
urban-effect area. This analysis provided no support for such changes, but 
the sparcity of stations makes any definite conclusions impossible. 
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Figure 10, Precipitation ratio trends in Washington metropolitan area, 1949-65. 
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Overall, the seasonal time trend analyses provided little information 
upon which to establish more firmly the urban-induced precipitation increases 
suggested by the seasonal spatial analyses. 
INTENSITY AND FREQUENCY OF DAILY PRECIPITATION 
Analyses of daily rainfall intensity distributions indicated an increase 
in the frequency of moderate to heavy daily amounts E and NE of Washington 
extending through the Baltimore region. Fig. 11 shows the 1954-68 annual pattern 
of days with rainfall of 1-inch or more. The pattern is very similar to that 
for summer rainfall in Fig. 3a, with the same general location of highs and 
lows. Since these relatively heavy rain days occur most frequently in the warm 
season, the agreement with the summer total rainfall pattern is not unexpected. 
It does appear that the apparent urban-induced increases in precipitation may 
extend to days with moderate to heavy rainfall, in agreement with previous 
findings at St. Louis, Chicago, and Cleveland. However, the strong high extending 
beyond 50 miles SE of central Washington, along with the high west of the city, 
raises some question as to whether the Washington-Baltimore high region is 
urban-related or part of the general climatic pattern associated with the 
modifying influences of the Blue Ridge mountains, Cheasapeake Bay, and the 
Atlantic Ocean. 
RELATION BETWEEN DAILY RAINFALL AND PREVAILING WINDS 
A limited investigation was made of the relation between summer rainfall 
patterns and prevailing winds in the Washington Metropolitan Area. The 1960-64 
data were used for this purpose, since both long-term Weather Bureau stations 
(CIT, NAT) were in operation at that time. Prevailing winds were obtained from 
published records of Local Climatological Data for NAT. According to the 
Climatic Handbook for Washington, D. C, (U. S. Dept. of Commerce, 1949) the 
most frequent surface wind direction for Washington is S, followed closely by 
SW, NW, and N. 
The 1960-64 analyses indicated that 25-40% of the rain days had flow 
from the southwesterly quadrant (S to WSW) and 20-30% with flow from the 
northeasterly quadrant (N to ENE). Between the two quadrants, 85-90% of the 
rain was accounted for at the various stations in the metropolitan area. 
Fig. 12 shows the isohyetal patterns of total rainfall associated with the 
two quadrants. 
Woolum and Canfield (1968) in analyses of the urban heat island in summer 
found two afternoon centers along the Potomac and Anacostia Rivers on the west 
and east sides of the city. The rainfall pattern associated with northeasterly 
prevailing flow in Fig. 12a has two centers which nearly coincide with the 
Woolum-Canfield heat island centers which have been included on this figure. 
Thus, these two independent analyses when combined provide evidence of an 
urban-intensification of summer rainfall associated with the urban heat islands 
when northeasterly surface winds prevail. 
Fig. 12b for southwesterly flow, associated with the largest percentage 
of the summer rainfall among the four quadrants, shows a single rainfall 
maximum over the east side of the city. This high is about 6 miles east of 
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Figure 11. Total number of days with precipitation of 1 inch or more in 
Washington-Baltimore region, 1954-68. 
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Figure 12. Summer rainfall patterns in Washington metropolitan area associated 
with prevailing surface wind directions, 1960-64. 
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the maximum temperature heat island on the west side of the city. Woolum 
and Canfield (1968) also show a minimum temperature heat island in the early 
morning between the center of the District and the intersection of the two 
rivers. The rainfall center in Fig. 12b lies 3-4 miles NNE of the center of 
the early morning heat island which has been included on Fig. 12b. Thus, it 
appears quite possible that the elongated N-S maximum in the rainfall pattern 
of Fig. 12b, associated with S-WSW prevailing winds, is also a manifestation 
of heat island contributions to rainfall intensification (or development). 
Heat island contributions could be associated with both the early morning and 
afternoon heat islands. 
SYNOPTIC WEATHER ANALYSES 
The 1960-61+ summer data for the Washington metropolitan area were 
classified by synoptic type and isohyetal maps drawn for total rainfall and 
percentage of total summer rainfall associated with each type. This period 
was analyzed to coincide with the prevailing wind analyses to determine if 
pronounced patterns over the urban area were associated with specific storm 
types. The pattern of total rainfall for 1960-64 was similar to the 1949-68 
pattern presented in Fig. 4b. 
Our analyses indicated that the major contributor to the 1960-64 summer 
rainfall was static fronts which contributed 30-35% of the 1960-64 summer total 
and had an areal pattern similar to the total rainfall pattern. Air mass 
storms contributed 12-25% of the summer total, and cold fronts plus prefrontal 
squall lines provided 15-30% of the total at various stations in the metropolitan 
area. Among the synoptic patterns, the air mass pattern was very similarly 
to the southwesterly flow pattern of Fig. 12b. The air mass pattern superimposed 
on rainfall associated with the static fronts and other storm types on the east 
side of the city appears to have been primarily responsible for the southwesterly 
flow pattern of Fig. 12b. Air mass storms are most likely to be associated 
with S-SW-WSW surface flow on rain days, occurring most commonly during the 
period of maximum diurnal heating, and are frequently associated with partly 
sunny conditions. Thus, the heat island contribution to development and 
intensification of such storms could be substantial and help explain the east 
side maximum of Fig. 12b. 
The double highs of lesser intensity with northeasterly flow in Fig. 12 . 
are centered close to rainfall centers in the static front pattern, the largest 
contributor to the 1960-64 total rainfall pattern. The cold front plus squall 
line group of storms produced a high that was also located near the west side 
maximum of Fig. 12a. It appears from the magnitude of the double highs in 
Fig. 12a, their location and shape with respect to the static front highs, and 
the fact that waves traveling along static fronts are responsible for much of 
the heavy rainfall associated with such storms, that the northeasterly flow 
pattern is primarily a result of the contribution from the static front systems 
with urban augmentation of rainfall by the two heat islands, and, of course, 
some contribution from other storms moving from a northeasterly direction. 
A synoptic analyses of summer rainfall for the 10-year period, 1959-68 
was made also to evaluate the synoptic characteristics on a longer-term basis. 
For the 10-year period, the static front contribution was nearly equivalent to 
that for 1960-64. The percentage of the total 10-year summer rainfall ranges 
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from 30-38% in the metropolitan area. Air mass storms accounted for 10-15% 
of the 1959-68 totals, a little less than in the 1960-64 period. Cold fronts 
plus prefrontal squall lines contributed 25-30%, somewhat more than during 
1960-64. Both the static front and cold front-squall line patterns were similar 
to the 10-year total rainfall pattern. Air mass storms, similar to 1960-64, 
showed high rainfall on the east side of the city and to the northeast of the 
urban built-up area. 
WEEKDAY-WEEKEND RELATIONS 
Five stations were used in an examination of possible differences in the 
amount and frequency of daily precipitation on weekdays compared with weekend 
days. Data for the 1949-68 period were used. The stations used were CIT near 
the center of the city (Fig. 2), GDB and ADW located downwind of the urban 
center, and FAL and RVL situated upwind of the urban center. USH was substituted 
for CIT after the latter station closed at the end of 1965. The same procedure 
was followed as used at the other cities; that is, the ratio of daily 
precipitation on an average weekday to that on an average weekend day was 
calculated. This ratio comparison overcomes problems arising from possible 
natural climatic differences between stations and any bias on the part of 
volunteer observers to omit small daily amounts, such as 0.01 inch, on their 
reports. 
Results of the Washington analyses are briefly summarized in Table 1. 
Combining all daily intensities ( 0.01) for the warm season (April-October), 
there is a slight trend, similar to that found at most other cities, for the 
average daily rainfall on weekend days to exceed that on weekdays. However, 
the trend is not strong since two stations (GDB, RVL) had overall ratios 1.00 
for days of 0.01 inch or more. Inspecting the various daily intensities, a 
trend for the ratio to be less with daily rainfall of 0.50 inch or more is 
apparent at all stations except RVL. This may imply a tendency for relatively 
heavy rains on weekends in the warm season compared with weekdays, a trend 
noted at other cities. This could be attributed to inadvertent overseeding 
on weekdays. Conversely, however, the implication then is that inadvertent 
seeding increases light rainfall amounts (0.01"-0.49"), since in general they 
exceed one in Table 1. 
Turning to the precipitation frequency ratios for the warm season, all 
stations show a ratio of 1.00 or more when all daily rains are combined. Again, 
the general trend is for ratios to exceed one in the range from 0.01 to 0.49 
inch and to be less than 1.00 at intensities of 0.50 inch or greater. The 
implication is the same as for total warm precipitation; that is, greater 
inadvertent seeding on weekdays causes an increase in the number of light rains. 
However, moderate to heavy rains are more frequent on weekends. Although, the 
above interpretation seems plausible, it is opposed by another factor in the 
table. That is, the upwind station FAL, supposedly subject to little or no 
urban particulate effects, behaves very similar to the urban center station (CIT) 
and the downwind stations (GDB, ADW). Thus, the possibility that what we 
observe for the warm season in Table 1 merely reflects a sampling vagary in 
the 1949-68 period that cannot be eliminated, and leaves the interpretation 
of the results questionable. 
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Table 1. Average weekday/weekend ratios of daily 
precipitation in Washington area. 
Warm Season 
Station 0.01-0.09 0.10-0.21 0.25-0.49 0.50-0.99  
Total Precipitation Ratio 
CIT* 1.20 1.01 1.08 0.77 0.94 0.92 
GDB 1.10 1.08 1.42 0.91 0.92 1.00 
ADW 0.97 1.20 1.13 0.78 0.90 0.93 
FAL 1.03 1.15 1.14 0.88 0.92 0.96 
RVL 1.42 0.97 1.34 0.79 1.27 1.09 
Precipitation Frequency Ratio 
CIT 1.24 0.95 1.09 0.76 0.88 1.02 
GDB 1.06 1.04 1.51 0.95 0.97 1.09 
ADW 0.99 1.17 1.16 0.79 0.85 1.00 
FAL 1.03 1.19 1.15 0.92 0.85 1.04 
RVL 1.10. 1.08 1.33 0.83 1.35 1.08 
Cold Season 
Total Precipitation Ratio 
CIT 1.32 1.02 0.95 0.81 1.31 0.99 
GDB 1.07 1.16 0.95 0.73 1.24 0.94 
ADW 0.99 1.01 0.78 0.97 1.10 0.96 
FAL 1.06 1.09 0.89 0.90 1.24 1.00 
RVL 0.96 0.87 0.89 1.04 1.28 1.03 
Precipitation Frequency Ratio 
CIT 1.13 1.01 0.93 0.82 1.29 1.01 
GDB 0.99 1.14 0.94 0.75 1.17 0.97 
ADW 0.92 0.95 0.84 1.00 1.13 0.93 
FAL 0.84 1.07 0.88 0.90 1.11 0.93 
RVL 1.05 0.90 0.93 1.06 1.30 1.00 
*USH used in 1966-68 period 
The cold season ratios in Table 1 show a.trend for the weekday/weekend 
ratio to be relatively high on days with rainfall of 1.00 inch or more in the 
tabulations of both daily amounts and frequency of occurrences. This could 
indicate a favorable particulate loading for maximizing naturally heavy rainfalls 
on weekdays. However, again the upwind stations follow the same trend as the 
urban and downwind stations, and makes the above interpretation questionable. 
The cold season trends are, in general, opposite to the warm season trends. 
Thus, ratios tended to be less than one with heavy rainfalls in the warm season, 
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but considerably greater than one in the cold season. Similarly, the ratios 
for light rainfalls of 0.01-0.49 inch were, in general, greater than one in 
the warm season, and less than one in the cold season. 
Overall, the weekday/weekend analyses provided little concrete information 
upon which to evaluate a differential effect in daily precipitation related 
to the greater particulate loading on weekdays. In Washington, which is not 
highly industrialized, this factor would not be expected to be as important as 
at most of the other cities studied. 
THUNDER-DAY AND HAIL-DAY DISTRIBUTIONS 
An analysis was made of historical (1901-69) thunder-day and hail-day 
data in and within 60 miles of Washington to examine for time-space variations 
possibly related to urban effects. The 1901-69 records of 72 cooperative 
substations of the U. S. Weather Bureau in Mayland, Virginia, and the District 
of Columbia were evaluated and 24 had no quality hail or thunder records. 
There were five first order stations (Washington City, Washington National 
Airport, Dulles Airport, Baltimore City, and Baltimore Airport) with unquestioned 
quality data, and thus, these were the standard reference data. Evaluation of 
the 72 substations records using involved techniques (Changnon, 1966) revealed 
that 43 had quality hail data for periods of 13 years or longer. Evaluation 
for quality thunder data indicated 29 of the 72 had useful data for 10-year or 
longer periods. Figures 13 and 14 depict the thunder and hail stations with 
the number of years of quality records for each. The names of the stations and 
periods of quality records are also listed in Table 2. 
The research was performed in three phases. The first concerned the 
average seasonal and annual thunder and hail patterns for the 1901-69 period. 
The second consisted of comparisons of average thunder and hail patterns from 
1902-35 with those of 1936-69. The third phase consisted of time series 
analyses performed to examine for urban-related temporal variations. 
Table 2. Quality hail and thunder records 
in Washington, D. C. area. 
Station Hail Thunder 
Clarendon, D.C. 19 36-62 19 31-62 
U. S. Soldier Home, D.C. 1950-65 no good 
Waverly Hills, D.C. 1947-69 1947-69 (less 1968) 
Bentley Springs, Md. 1949-60 no good 
Blackwater Refuge, Md. 1943-69 no good 
Cambridge, Md. 1924-33, 1946-69 1926-29, 1931-33, 1967-69 
Cheltenham, Md. no good 1926-33, 1936-38, 1942-43 
Chestertown, Md. 1950-69 (low) 1949-69 
Chewsville, Md. 1902-69 1903-68 
Clear Spring, Md. no good 1947-56 
Coleman, Md. 1902-13, 1923-33 1904-11, 1923-33, 
1936-38, 1968-69 
College Park, Md. no good 1920-43 
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Table 2. Quality hail and thunder records in Washington, D. C. area (continued). 
Station Hail Thunder 
Darlington, Md. 1926-38 1926-33 
Denton, Md. 1926-42, 1948-51, 1954. 1927-42 
Dundalk, Md. 1936-48, 1962-67 1935-47, 1962-67 
Easton, Md. 1926-45, 1954-58 1926-38, 1942-45, 1954-57 
Fairview, Md. 1901-19 no good 
Fallston, Md. 1901-30 1901-53 
Frederick, Md. 1901-48 1902-33, 1944-48 
Ft. G. Meade, Md. 1948-69 no good 
Greenbelt, Md. 1949-69 no good 
Glen Dale Bell, Md. 1941-69 1926-33, 1936-38, 1949-58 
La Plata, Md. 1920-39, 1953-68 1920-39, 1954-68 
Laurel, Md. no good 1921-33, 1936-38 
Millington, Md. plus 1907-22, 1907-38 
Sudlersville, Md. 1951-69 
Owings-Ferry Landing, Md. 1943-69 1918-62, 1964-65 
Preston, Md. 1950-69 1951-69 
Rock Hall, Md. 1943-47, 1950-64 1927-33, 1936-38, 
1942-44, 1952-56 
Solomons, Md. 1902-19, 1925-29, 1901-37, 1949-63 
1948-65 
Stevensville, Md. 1927-41 1927-33, 1936-38 
Takoma Park, Md. 1920-54 1920-61 
Unionville, Md. 1940-68 no good 
Vienna, Md. 1950-64 no good 
Westminster, Md. 1925-37, 1943-54 1925-37, 1942-54 
Alexandria Potomac Yds, Va. 1949-62 no good 
Mt. Weather, Va. 1915-19, 1959-69 no good 
First order stations 
Washington Airport, D.C. 1950-69 1950-69 
Washington City, D.C. 1901-58 1901-58 
Baltimore Airport, Md. 1951-69 1951-69 
Baltimore City, Md. 1902-50 1902-50 
Dahlgren, Va. 1921-40, 1953-61 1926-45 
Dulles, Va. 1961-69 1961-69 
Elkwood, Va. 1944-69 no good 
Falls Church, Va. 1950-69 no good 
Fredericksburg, Va. 1903-20, 1941-58 no good 
Lincoln, Va. 1919-39, 1944-57 1928-63 
Manassas, Va. 1935-69 no good 
Quantico, Va. 1949-62, 1966-68 1928-63, 1966-68 
Berryville, Va. 1933-56 no good 
Culpepper, Va. 1908-17, 1947-58 no good 
Vienna Dunn Loring, Va. 1943-68 1951-68 
Warrenton, Va. 1936-44, 1946-60 no good 
figure 13. Total years of reliable thunder data in Washington-Baltimore 
area during 1901-69 period. 
Figure 14. Total years of reliable hail data in Washington-Baltimore area during 1901-69 period. 
-143-
As indicated earlier, most storm motions in the Washington-Baltimore area 
are from the SW, W, and NW, and thus urban-related changes should be found over 
the cities and within approximately 20-30 miles to the NE, E, and SE of them. 
Phase I 
All the quality thunder and hail data available in the 1901-69 were 
analyzed on a seasonal and annual basis. In addition to a study of any 
Washington effects on patterns, the regional analysis also provided an 
examination of effects due to Baltimore (Figs. 15-16). 
With thunder days there are urban-area increases in all seasons, being 
greatest percentagewise in fall and winter and least in spring. The total 
days increase in greatest in summer with three days added (on the average) at 
Washington and two days at Baltimore. Annual increases of 4 to 6 days are 
comparable to those of 4 days at St. Louis (Changnon, 1969). 
Fig. 15 shows that on an annual basis Washington is located in an 
east-west trough area, but that there is a localized high of 34 or more thunder 
days centered in the District. In fact, a local high exists at Washington in 
all three seasons (Fig. 15). Lesser highs exist at Baltimore in all three 
seasons. Seasonal patterns were drawn without the immediate urban area values, 
and these furnished "expected" values in Washington and Baltimore (shown in 
Table 3) areas. The differences between these and the actual values were either 
0 or increases, and these differences expressed as percent of the expected are 
Table 3. Changes in average thunder and hail day frequencies. 
(l) For thunder the number is days per year, and for hail it is the days per 
10 years. 
Washington 
expected 
Baltimore 
expected 
Washington 
expected 
Baltimore 
expected 
0.3 
(0.5) 
0.3 
(0.5) 
0 
(1) 
0 
(1) 
60 
60 
0 
0 
1 
(8.4) 
1 
(8.0) 
HAIL 
2 
(4) 
3 
(5) 
12 
12 
50 
60 
3 
(18) 
1 
(20) 
2 
(3) 
5 
(3) 
17 
5 
67 
167 
1.5 
(3.2) 
0.8 
(3.1) 
1 
(1) 
0 
(1) 
47 
26 
100 
0 
5.8 
(30.1) 
3.1 
(3.6) 
5 
(8) 
8 
(10) 
19 
9 
55 
80 
WINTER SPRING SUMMER FALL ANNUAL 
Figure 15. Average thunder-day patterns in Washington-Baltimore area based on 1901-69 data. 
Figure 16. Average hail-day patterns in Washington-Baltimore area based on 1901-69 data. 
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shown in Table 3. Washington averages nearly 6 more thunder days per year, 
on the average, than expected. 
Hail increased locally in all seasons (Fig. 16) with the summer increases 
being the greatest in both number of days and in percentages (Table 3). 
Figure 16 shows that a distinct N-S oriented trough east of mountains has 
Washington and Baltimore highs superimposed on it in spring, summer, and annually. 
The three leading months of average thunder and hail frequencies were 
identified for each station and plotted on two maps. The thunder data for the 
study area revealed that July was the month of greatest average frequency with 
June ranked second, and either August or May ranked third. That is, any urban 
localized effects at Washington or Baltimore were not producing a major shift 
in the average monthly frequencies. 
The monthly hail frequencies in the study area were not as coherent. 
The pattern based on the two months of greatest frequencies appears in Fig. 17. 
In much of the area, May is the leading month, but June replaces May and ranks 
first in the Washington and downwind area and also downwind of Baltimore. 
April is important over the Bay. The pattern suggests the possibility that 
localized urban increases in hail at Washington, which are greatest in summer 
(Table 3), result in a maximum month shift so that hail in June exceeds that 
in May. 
Phase II 
Thunder. Spatial analysis was also used to examine for temporal trends 
in thunder and hail under the assumption that city-related increases would 
develop or be more pronounced in recent years. Seasonal and annual average 
thunder and hail maps were prepared for two 34-year periods: 1902-35 and 
1936-69. Comparison of these patterns and their differences are a means of 
evaluating gross time trends. 
Comparison of the thunder-day patterns (Fig. 18 and Fig. 19) reveals 
that, as a whole, summer, fall, and annual thunder frequencies diminished most 
everywhere in the Washington area during the later period. Hence, any 
urban-related increases since 1935 at a point would be masked unless the general 
regional climatic decrease was considered. 
It should be realized that there were seven more stations with quality 
data in the 1936-69 period than in the 1902-35 period, resulting in a more 
definitive pattern in the later period. Nevertheless, comparison of the given 
seasonal patterns reveals marked pattern shifts in addition to the previously 
noted reduction in the overall summer, fall, and annual frequencies in the 
1936-69 period. 
The spring thunder patterns are both dominated by a low along the 
immediate lee of the mountains with a high over Chesapeake Bay, and importantly, 
there are no great changes in frequency between periods. The 1936-69 spring 
pattern does suggest highs in the Washington and Baltimore areas. 
Both summer thunder patterns have 1) a high to the north, 2) a low to 
the west, 3) a low to the east, and 4) a ridge to the south. However, an 
isolated enclosed high is found in and just downwind of Washington in 1936-69. 
The fall patterns are different and a localized high in 1936-69 exists around 
Washington. 
The annual patterns reveal that in the 1936-69 period there is 1) a 
localized high in and just NE of Washington, and 2) no high extending from the 
city southeast 40 miles (as was apparent in 1902-35). Thus, these comparisons 
Figure 17, Two leading months of hail occurrences in Washington-Baltimore 
area ranked as first and second, left to right, in 1901-69. 
Figure 18, Seasonal averages of thunder-day patterns in Washington-Baltimore area for 1902-35 period. 
Figure 19. Seasonal averages of thunder-day patterns in Washington-Baltimore area for 1936-69 period. 
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support the reality of an urban-related thunder increase in the Washington 
area in summer and in fall during the 1936-69 period. The thunder high in 
the Baltimore area (Fig. 15, Table 3) appears to be less distinct on a 
time-difference basis, and if urban-related, was in existence prior to 1936. 
Hail. The comparative study of the 34-year periods of hail data did 
not show any marked regionwide change in the 1936-69 period (Figs. 20-21). 
The two spring patterns are generally alike with 1) a high in the mountains 
to the NW, 2) a N-S low in the lee of the mountains, 3) a N-S ridge along 
Chesapeake Bay, and 4) a low to the east in the Maryland-Delaware pennisula. 
However, distinct localized urban-area highs appear at Washington and Baltimore 
in the springs of the 1936-69 period. 
The two summer hail patterns are not alike. The Baltimore area has a 
high in both periods (although relatively greater in the 1936-69 period), 
and Washington has a 1936-69 summer hail high that partially extends eastward 
for 50 miles. Fall indicates some 1936-69 increases, but hail days are so 
few to make fall results inconclusive. 
The two annual average hail maps (Fig. 20d and 21d) both reveal, in 
general, certain similar features including 1) a mountain area high, 2) a lee 
of the mountain trough, 3) a ridge parallel to Chesapeake Bay, and 4) a low 
to the east. A distinct localized hail-day high appears in the 1936-69 period 
at Washington. At Baltimore there was a localized high in both periods, being 
of somewhat greater magnitude in 1936-69. 
In summary, the 2-period analysis indicated at Washington the development 
of localized thunder highs in summer and fall and localized hail highs in 
spring, summer, and fall in the 1936-69 period. Baltimore area thunder values 
indicated the existence of highs in both periods with some evidence of a 
localized increases in hail days during the spring and summers of 1936-69. 
Phase III 
Further analysis of the temporal variations in thunder and hail day 
frequencies was based on examination of the annual data. Fig. 22 displays 
two sets of thunder-day curves based on moving 5-year thunder-day totals. 
The upper curves are for the Washington City station in the 1901-1958 
period (station closed after 1958), and for Takoma Park in the 1920-58 period, 
its comparable period of quality of record. Takoma Park represents the only 
potential rural, no-urban effect (control) station near Washington with a long 
record of thunder days (Fig. 13). The Washington curve shows a general downward 
trend after 1930. The Washington and Takoma curves are closely related from 
1920 through 1940, although the Washington values are slightly higher for most 
5-year periods. After 1940 the Washington frequency curve generally becomes 
much higher than Takoma except for a few years. This supports the conclusion 
that the localized thunder pattern increase (Fig. 19) as related to urban 
effects, and the increase occurred in a period when the population and urban 
area of Washington increased considerably. 
The curves on the lower part of Fig. 22 are for the Baltimore City 
station for 1902-50 (city station closed in 1951) and airport for 1951-53, and 
for Fallston, 1901-53 (period of quality data). Fallston is 25 miles north of 
Baltimore (Fig. 13), and the thunder frequency there is considered representative 
of non-urban effect storms and yet is sufficiently close to be in the same 
thunderstorm climate as Baltimore. Studies of thunderstorm motions (Fassig, 
1907), have shown that only 3% moved from the SSW to the NNE, the motion 
Figure 20, Average hail-day patterns in Washington-Baltimore area based on 1902-35 data. 
Figure 21. Average hail-day patterns in Washington-Baltimore area based on 1936-69 data. 
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Figure 22. 5-year moving totals of thunder days. 
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required for urban-effected thunderstorms to go from Baltimore to Fallston, 
or from Washington to Takoma Park. The frequencies at Baltimore and Fallston 
fluctuate around each other in the 1901-45 period, but are generally 
homogeneous. After 1946, the Baltimore frequency increases greatly over that 
at Fallston suggesting that an urban-related increase in thunderstorm frequency 
in Baltimore also began in the 1940's. However, an observer change at Fallston 
just prior to 1946 may have resulted in slightly poorer reporting of thunder 
in the 1946-53 period. 
Figure 23 portrays two hail-day frequency curves based on 5-year values. 
One is based on the Washington City values and Glen Dale Bell values (after 
1941) combined to serve as the urban (and adjacent downwind) area value. The 
other is a surrounding area average value based on point totals from Frederick, 
Owings Ferry Landing, Baltimore, Manassas, and Takoma Park (Fig. 14). These 
stations surrounding Washinton together provide values that have little or no 
urban influence in them. Inspection of these two curves shows an increase at 
Washington beginning in the 1936-40 period. In the 1936-70 period the "urban 
area" 5-year values exceeded the surrounding values in 5 of 7 possible periods, 
whereas in the 1911-35 period the surrounding area values were greatest in 
all 5-year periods. 
CONCLUSIONS 
Analyses of spatial patterns of seasonal precipitation indicated an 
urban-induced increase in the summer rainfall oriented in a general SW-NE 
direction across the Washington urban area. This high decreased in intensity 
NE of Washington, then increases to a still higher value in and NE of Baltimore. 
In the region of heaviest urban rainfall, increases appeared to be of the order 
of 5-15% with an average of 10%. An urban-induced increase of approximately 
5-10% was indicated in the winter, spring, and fall patterns in the region of 
maximum effect. 
Time trend analyses of seasonal precipitation were inconclusive. 
Analyses of the intensity and frequency of daily precipitation provided slight 
evidence that urban-induced increases in precipitation may extend to days with 
moderate to heavy rainfall, in agreement with earlier findings at St. Louis, 
Chicago, and Cleveland. 
Study of the relationship between daily rainfall and prevailing winds 
in summer during the 1960-64 period provided relatively strong evidence of a 
heat-island effect on the urban precipitation. Concurrent synoptic studies 
suggested the most pronounced effect was associated wiht air mass storms, 
which are generally scattered in nature and areally unorganized. 
A study of weekday-weekend relations at selected stations resulted in 
conflicting evidence regarding the existence or non-existence of a differential 
urban effect during the week when atmospheric particulate discharges would 
tend to be greater. No firm basis for a conclusion was established. 
The spatial and temporal studies of thunder and hail data in and around 
Washington indicate that measurable but very localized increases in both events 
developed in the 19 36-45 period. 
Apparent urban-related increases are, on the average, greatest in summer 
(3 thunder days, 2 hail days), but the largest percentage increases occur in 
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Figure 23. 5-year average totals of hail days based on a frequency derived 
from 5 stations surrounding Washington and a frequency based 
on Washington City and Glen Vale (downwind) stations. 
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fall (47% in thunder days, 100% in hail days). The average annual thunder-day 
increases (6 days, or 19% of the expected value) are comparable to those found 
in St. Louis (5 days) and Cleveland (6 days). Annual hail increases (5 days 
per 10 years, or 55%) are sizeable, and thus are in agreement with those found 
at La Porte, St. Louis, and Cleveland. 
Importantly, the thunder and hail increases at and immediately downwind 
of Washington indicate that non-industrial urban conditions (thermal effects 
and possibly vehicular exhaust particles) affect these mature aspects of 
convective activity. The increases are as great percentagewise as those found 
at industrial centers, and this may suggest that increases noted in industrial 
areas may not be directly related to industrial activity. 
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URBAN EFFECTS ON PRECIPITATION AT HOUSTON 
INTRODUCTION 
Houston represents a large, industrialized, rapid-growth city. It has 
a population of 1,231,000 according to the 1970 census. Many different types 
of industry are located in the urban area, but the two outstanding are the 
petroleum and petrochemical industries. Industry is located primarily on the 
E and SE sides of the city along the ship channel. 
Houston lies in the flat coastal plains, about 50 miles from the Gulf 
of Mexico and 25 miles from Galveston Bay (Fig. 1). The land slopes gently 
from SE to NW with elevations ranging from near sea level to approximately 
350 ft MSL 50 miles NW of the central city. Numerous small streams and bayous 
surround the city. 
The climate is predominately maritime (U. S. Dept. of Commerce, 1965). 
Prevailing surface winds are from the SSE in most months, but in January 
frequent frontal passages bring invasions of polar air and a sharp change to 
northerly prevailing winds. Average hourly wind speeds vary from 8-10 mph in 
summer to 12-13 mph in winter at the Houston Airport (HAP). 
Basically, Houston experiences two precipitation seasons; the warm season 
incorporates the May-September period and the cold season extends from October 
through April. In a study of radar echo motions, Ligda and Bigler (1956) 
report a change in rain climate to tropical characteristics in May with rain 
echoes having spotty and irregular spatial distributions. Most of the 
May-September rain results from easterly waves, tropical cyclones, and air mass 
showers. Rain storm motions with easterly waves and tropical cyclones are from 
ENE, E, and SE, according to Ligda and Bigler. Air mass showers move slowly 
and generally from SW. Squall lines and cold fronts are major rain producers 
in the October-April period. These systems move from W and NW with radar echoes 
(individual storms) moving from SW and W. Saucier (1949) indicates that cyclones 
generated in the Texas-West Gulf region are an important precipitation producers 
and account for approximately 1/3 of the November-March precipitation in the 
Houston-Galveston area (SE Texas). 
Locations and periods of record for stations used in the seasonal 
precipitation analyses are shown in Fig. 1. Stations employed in the thunder-day 
and hail-day analyses are indicated in Fig. 2. 
SPATIAL PATTERNS OF SEASONAL PRECIPITATION 
Although data for the 1931-68 period were examined in the spatial 
analyses, the usual problem of too few stations to define accurately areal 
patterns existed in the earlier part of this period. Similar to the situation 
at several other cities, it was found necessary to confine most of the pattern 
analyses to the 15-year or 20-year period starting in 1954 or 1949. Fig. 3a 
shows summer spatial patterns for the 15-year period, 1954-68, when the most 
satisfactory station density was available for evaluation of possible urban 
effects in the Houston area. 
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Figure 1. Location and period of record for stations in Houston area used 
in daily and seasonal precipitation analyses. 
-159-
Figure 2, Stations used in thunder-day and hail-day analyses in Houston area. 
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Figure 3. Seasonal precipitation patterns in Houston area, 1954-68. 
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Figure 3a illustrates a pattern that was generally persistent in the 
period from 19 39 to 1968 according to available data. Thus, for example, all 
major highs shown in Fig. 3a were also located in approximately the same 
regions on isohyetal maps constructed for 1959-68, 1949-68, and 1939-69 (when 
many less stations were available). 
Because of the climatic gradients associated with the summer pattern 
of Fig. 3a and the climatic highs within and east of the city, it is difficult 
to identify and verify any urban-induced effect that might be superimposed on 
this rather complex pattern. Some indication of an urban-induced high is 
present in the NW suburbs, based upon data for CYP (Fig. 1). The location is 
reasonable in view of the location of industry on the E-SE sides of the city, 
the prevailing summer wind direction from the SSE, and the recent findings of 
Kelly (1972) that the average atmospheric pollution pattern in Houston has a 
NW-SE orientation. Thus, storms moving from the SE to NW side of the city 
would be exposed to potential effects from both industrial discharges of 
condensation and/or freezing nuclei and the urban heat island. However, 
consultation with officials of the NOAA station at Houston indicated that the 
CYP record is of questionable reliability, and the NW high of Fig. 3a is based 
primarily on this station's record. 
Since the S-N oriented high through central Houston in Fig. 3a decreases 
in intensity from south of the city (ANG) through the urban area and on 
northward, there is no real evidence of an urban effect superimposed on this 
climatic high. Furthermore, since most of the summer storms move from E 
through SE to SW, there is little reason to attribute any portion of the major 
high east of the city to urban-induced effects. Figure 4a shows the 1954-68 
wet season (May-September) pattern which is essentially the same as the summer 
pattern for June-August. 
Figure 5a shows summer rainfall ratios for the 1954-68 period. These 
ratios were calculated by dividing the average summer rainfall at each station 
by that at HOU, the city station of the National Weather Service (formerly 
U. S. Weather Bureau). This ratio pattern leads to the same conclusions as 
discussed in the previous paragraphs. It does illustrate the magnitude of the 
climatic gradient about the central city which makes identification of any 
urban effect difficult. Overall, based strictly upon the spatial patterns of 
warm season rainfall, there is little evidence of an urban effect on 
precipitation within 50 miles of Houston (limit of analyses). 
Figure 3b shows the winter spatial pattern in the 1954-68 period. A 
major ridge in the pattern extends northeastward from ANG, 40 miles south to 
25 miles east of the urban center, and then continues on northeastward beyond 
the 50-mile range studied. With storms moving most frequently with a westerly 
component in winter, the major urban effect would be expected NE, E, or SE of 
the urban center. It is not possible to discern any effect which would be 
superimposed on the climatic high, if present. The questionable CYP high is 
again present in the winter pattern. 
Figure 4b shows the 1954-68 pattern for the dry season (February-April). 
The pattern is essentially the same as the winter distribution of Fig. 3b. 
The precipitation ratio pattern for winter is illustrated in Fig. 5b to emphasize 
the magnitude of the climatic gradient in the Houston region. 
The general conclusion from the seasonal spatial analyses is that there 
is no reliable evidence of an urban effect on the precipitation during any part 
of the year. However, this does not preclude the presence of an urban effect 
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Figure 4. Precipitation patterns for wet and dry seasons in Houston area, 1954-68. 
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Figure 5. Seasonal precipitation ratio patterns in Houston area, 1954-68, 
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within or near Houston. The available data and the natural climatic gradients 
of precipitation in the region make pattern analyses a relatively weak evaluation 
tool in this case. 
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
Time trend analyses of summer and winter precipitation were made for the 
1931-68 and 1954-68 periods in a further search for evidence of an urban effect. 
Station time trends were calculated for both seasonal precipitation and seasonal 
precipitation ratios, based on 5-year moving averages. With data available for 
only 4 stations (HOU, HAP, SUG, and ALV) within a 25-mile radius of the city 
(Fig. 1) during the 1931-68 period, it was not possible to reach very definite 
conclusions regarding time changes in the potential urban-effect area. The 
summer time trend pattern showed an increasing trend in and south of the city 
with the maximum well south of the urban center at ALV. Furthermore, the upward 
trend was greater at ANG, about 40 miles S of the city, than within the city. 
Areas of decreasing trend in summer rainfall existed both east and west of the 
city. Thus, no significant evidence of an unusual upward or downward trend was 
noted within or near the urban area. Trend values for selected stations 
(regression slopes) are shown in Table 1. 
Table 1. Summer and winter trends in seasonal 
precipitation, 1931-68. 
Summer* Winter* 
Station Station Location trend trend 
HOU City Center +0.01 -0.04 
HAP Urban South Side +0.06 +0.02 
SUG Urban SW Side -0.02 -0.04 
ALV 25 mi S of HOU +0.11 +0.04 
ANG 40 mi S of HOU +0.05 +0.02 
SEL 50 mi W of HOU -0.05 -0.04 
ANA 45 mi E of HOU -0.09 -0.02 
LIB 40 mi NE of HOU -0.05 -0.06 
* Slope of regression line (time vs station precipitation). 
The winter trends for 1931-68 showed an increasing trend that extends 
NE from 25-50 miles south of the city to over 50 miles east of the city and 
out of the range of our analysis area. Slight downward trends existed N 
and NW of the city. Again, no good case for an urban effect could be found 
in these winter trends. Representative trend values are shown in Table 1. 
Summer and winter trend values for 1954-68, when station density was 
much more satisfactory for evaluating trend factors, are presented in the 
maps in Fig. 6. The summer trend pattern in Fig. 6a shows generally decreasing 
trends extending W-E across the city. However, there is an interruption in 
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Figure 6. Time trends of seasonal precipitation ratios in Houston area, 1954-68. 
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this pattern with a change-over to an upward trend on the west side of the 
city. This area is downwind of the major industrial areas and the prevailing 
summer wind flow, so that it is possible that this upward trend is associated 
with an urban-intensification of summer rainfall. Furthermore, the upward 
trend is supported by several stations. However, from the overall pattern 
the possibility exists that the western Houston upward trend is an extension 
of a climatic upward trend oriented E-W about 35-50 miles south of the city. 
The upward trend in the 1954-68 data is even more pronounced in the 
winter trend pattern of Fig. 6b, where it is relatively strong and almost 
completely surrounded by decreasing trends. Overall, the combined evidence 
suggests an intensification of both summer and winter precipitation on the 
west side of the city. This intensification is located in a region favorable 
for urban effects resulting from industrial particulate discharges and the 
urban heat island in summer but not in winter. 
FREQUENCY OF DAILY PRECIPITATION 
An analysis was made of the distribution of days with precipitation 
amounts equalling or exceeding one inch to investigate the possibility of an 
urban-induced effect on relatively heavy rainstorms. This analysis was 
performed separately for the warm season (May-September) , cold season 
(October-April), and each of the four standard seasons (spring, summer, fall, 
and winter). Data for the 1954-68 period were used in this study. 
During summer, a peak frequency occurred about 40 miles south of the 
city at ANG, where the frequency was 21% greater than at the central urban 
station (HOU), and 25 miles east of the city at BAY (Fig. 1) where the frequency 
was 25% greater. However, in view of the climatic high south and east of the 
city (Fig. 3a), maximization would be expected in these regions. West and NW 
of the city where the prevailing wind flow and industrial discharges would 
suggest a maximization of an urban effect, the frequency of 1-inch rain days 
ranged from 0-15% below the HOU value. Thus, if any effect was present, it 
must have been a suppression mechanism. However, equivalent low values were 
found 25-50 miles N and SE of the city, so that the suppression possibility is 
not strong, and, furthermore, is contrary to findings in other cities. Table 2 
shows precipitation ratios (X/HOU) for selected stations in various seasons. 
The winter pattern of 1-inch storms again showed highs in the ANG and 
BAY areas where frequencies were 35-40 greater than at HOU. A lesser high of 
10-20% was found 20-30 miles NW of the city, and a low with frequencies 15-25% 
below HOU occurred 25-50 miles SW of the city. Again, the highs and lows agree 
with the total seasonal rainfall highs and lows of Fig. 3b, so that no strong 
case can be made for an urban effect on relatively heavy storm days. In 
winter, the urban effect would be expected to maximize NE, E, or SE of the city, 
which it does with the 1-inch rain days, so that the BAY maxima could include 
an urban effect superimposed on the climatic high, but it is not possible to 
verify this possibility with the existing climatic data. 
Examination of the spring, fall, warm season, and cold season patterns 
of 1-inch days led to the same inconclusive results as the summer and winter 
analyses. Overall, it is concluded that evidence is insufficient to identify 
reliably the existence or non-existence of an urban effect on relatively 
-167-
heavy rain days. However, there is a suggestion of an urban intensification 
of these storms during winter about 25-45 miles E and NE of the urban center 
(BAY, LIB, ANA). Spring has slight evidence of a suppression effect over the 
center of the city. Among the four seasons, fall has the most uniform pattern. 
Table 2. Average precipitation ratios (X/HOU) for frequency of 
days with rainfall of 1 inch or more, 1954-68. 
Average Ratio for Given Season 
Station Station Location Summer Winter Spring Fall 
HOU City Center 1.00 1.00 1.00 1.00 
HAP Urban South Side 1.14 1.09 1.24 1.07 
ALV 25 mi S of HOU 1.11 1.13 1.24 0.95 
ANG 40 mi S of HOU 1.21 1.37 1.15 1.04 
SUG Urban SW Side 0.84 0.85 1.15 0.98 
SEL 50 mi W of HOU 0.88 0.89 1.38 0.79 
CYP 25 mi NW of HOU 1.00 1.34 1.44 1.16 
CON 40 mi NNW of HOU 0.80 1.13 1.74 0.98 
HUM 20 mi N of HOU 1.21 1.15 1.50 0.86 
LIB 40 mi NE of HOU 0.93 1.35 1.12 0.96 
BAY 25 mi E of HOU 1.25 1.41 1.53 1.12 
ANA 45 mi E of HOU 1.18 1.37 1.21 1.05 
GVT 45 mi SE of HOU 1.00 0.70 0.68 0.77 
WEEKDAY-WEEKEND RELATIONS 
Four stations were used in an effort to determine if significant 
precipitation differences occurred on weekdays compared with weekends. These 
included BAR, HOU, DEP, and ALV, whose locations are shown in Fig. 1. BAR, 
HOU, and DEP provided essentially a W-E profile extending from approximately 
25 miles west of the urban center to 18 miles east, plus ALV located 25 miles 
south of the central city. Average weekday/weekend ratios of daily precipitation 
occurrences were calculated for each station for April-October and November-March, 
the periods used in similar analyses at other cities. Results for the 1949-68 
analyses are summarized in Table 3. 
The upper portion of Table 3 shows the warm season summary. With the 
prevailing winds and industrial concentrations discussed earlier, a difference 
in weekday-weekend occurrences would be expected to maximize on the W-NW sides 
of the city in the April-October period. Therefore, BAR would be the most 
likely major effect point followed by HOU. ALV would not be expected to 
experience any significant urban effect, and DEP could be considered a minor 
effect point. Based upon the above hypothesis, no substantial evidence of a 
differential urban effect on weekdays and weekends is indicated in Table 3 
for the warm season. Neither of the potential major effect stations (BAR, HOU) 
consistently have the highest or lowest ratios at the various intensity levels. 
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Similarly, the no-effect or control station (ALV) does not dominate either 
the high or low ratios. The ratios show no consistent trend to increase or 
decrease with increasing daily rainfall, so that evidence of an urban effect 
related to intensity of daily rainfall is not shown. 
Table 3. Average weekday/weekend ratios of daily precipitation 
frequency in the Houston area, 1949-68. 
Ratio for given daily precipitation (inches) 
Station 0.01-0.09 0.10-0.24 0.25-0.49 0.50-0.99  
April-October 
BAR 1.05 1.08 0.84 1.34 1.10 0.95 
HOU 1.00 1.04 0.88 1.00 1.08 0.99 
DEP 0.99 1.07 0.97 0.89 1.03 0.94 
ALV 1.01 1.11 0.78 1.26 1.12 0.87 
Maximum BAR ALV DEP BAR ALV HOU 
Minimum DEP HOU ALV DEP BAR ALV 
November-March 
BAR 1.18 1.67 1.06 1.32 0.99 0.87 
HOU 1.11 0.97 1.10 2.71 1.02 1.00 
DEP 1.09 1.03 1.01 1.50 1.04 1.13 
ALV 1.15 1.25 1.16 1.06 1.24 0.94 
Maximum BAR BAR ALV HOU ALV DEP 
Minimum DEP HOU DEP ALV BAR BAR 
Combining all daily intensities ( 0.01 inch), BAR does show a 4% 
higher frequency than ALV on weekdays compared with weekend days. This may be 
a reflection of a weak overall trend for more rainfall occurrences on weekdays 
when industrial particulate discharges are greater, but is insufficient 
evidence to conclude that a definite weekday-weekend difference in daily 
rainfall frequencies exists. 
Turning to the November-March summary in the lower part of Table 3, 
weekday-weekend differences would be expected to maximize on the NE, E, or SE 
side of the city with storm movement and prevailing winds most commonly having 
a westerly component. Thus, DEP would be a potential major effect point. 
ALV and BAR would not be expected to reflect any significant change in the 
weekday-weekend relations from urban effects. HOU could be considered a minor 
effect point. Examination of the maximum and minimum ratios at the various 
intensity levels does not show dominance by the major, minor, or no-effect 
stations, similar to the warm season behavior. Again, there is no definite 
upward or downward trend indicated with increasing daily precipitation intensity. 
Thus, no favored intensity level for culmination of a differential urban effect 
is indicated. All stations have ratios greater than unity, so that the 
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cold-season climatic anomaly for weekday precipitation to exceed weekend 
precipitation, on the average, noted at Chicago and other cities, was also 
characteristic of the Houston region in the 1949-68 period. 
Combining all daily intensity levels ( 0.01 inch), the November-March 
period shows maximum ratios at the two no-effect stations, ALV and BAR, and a 
somewhat lower value at the major effect station, DEP. Thus, ALV and BAR had 
6% and 8% more precipitation occurrences, respectively, on an average weekday 
compared with a weekend day. If this difference has any meaning at all, it 
would indicate a weak overall suppression of rain occurrences associated with 
the greater atmospheric particulate output on weekdays. This is the opposite 
of the observed warm season effect discussed previously. Further examination 
of Table 3 shows the ALV-BAR superiority resulted from fewer light rains at 
DEP (0.01"-0.24" groups), but this trend reversed for the relatively heavy 
rains ( 1.00"). 
In a further effort to discern any differential weekday-weekend effect, 
Table 4 was constructed. In this table, the percentage of the total seasonal 
rainfall occurring on weekdays is shown for various daily intensity levels 
equalled or exceeded. In a representative sample with no differential effect, 
71% of the rainfall would be expected to occur on weekdays and 29% on weekends. 
Table 4. Percent of total daily precipitation occurring 
on weekdays, 1949-68. 
Percent for given daily precipitation 
Station  
April-October 
BAR 73 73 73 72 72 
HOU 71 71 71 71 70 
DEP 70 70 71 71 71 
ALV 71 71 72 71 70 
November-March 
BAR 70 70 70 69 67 
HOU 72 72 72 70 69 
DEP 76 77 77 76 78 
ALV 74 74 73 73 72 
The upper part of Table 4 for the April-October period indicates that 
the major effect station, BAR, did experience a slightly higher percentage of 
its total seasonal rainfall on weekdays than expected. The other three 
stations were close to normal. Thus, there is some evidence from these data 
to support a differential effect between the amount of rainfall on weekdays 
and weekends. This agrees with results in Table 3. 
The November-March data in Table 4 show a considerable positive departure 
from normal at the major effect station, DEP. This suggest an urban augmentation 
effect on weekdays resulting from greater atmospheric pollutant discharges from 
the east side industrial complex than on weekends. 
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Based upon the data presented in Tables 3 and 4 and other weekday-weekend 
analyses of the data (not presented), the basic conclusion is that there is 
insufficient evidence from the 4-station analyses to identify reliably the 
existence or non-existence of a differential urban effect on weekday and weekend 
precipitation in the Houston area. However, Table 3 showed some inconclusive 
evidence of an urban-related increase in the frequency of daily rainfalls in 
the warm season and a possible suppression effect on lighter storms in the 
cold season. Table 4 does provide some indications of a minor effect upon the 
total seasonal precipitation stratified by daily amounts in both the warm and 
cold seasons. 
DIURNAL DISTRIBUTION OF WARM SEASON RAINFALL BY SYNOPTIC TYPE 
The heaviest precipitation in the Houston area normally occurs in the 
May-September period. During this period, a major portion of the rainfall 
occurs in the form of air mass showers that are quite localized in nature and 
not related to major circulation features. This is particularly true from 
mid-May through August. Diurnally, there is an increase in nocturnal rainfall 
progressing eastward and southeastward from Houston which is apparently related 
to marine effects. Because of this nocturnal marine effect, it was concluded 
that any urban-induced effect might be masked out in an analysis of total 
rainfall in the Houston region. 
Consequently, it was decided to undertake an analysis of hourly rainfall 
data with emphasis on the daytime hours to search for urban-industrial effects 
on the warm season rainfall. Data for the 5-year period, 1964-68, were used 
in the diurnal study and hourly rainfall analyses restricted to the 0900-2100 
period. Recording raingages stations used in the study included the city station 
of the U. S. Weather Bureau (H0U), Satsuma located approximately 18 miles NW of 
the center of the city (Fig. 1), Thompson's (TPN) about 25 miles SW of HOU, 
Baytown (BTN) located 25 miles east of HOU, and the Galveston city station (GVT) 
about 45 miles SE of Houston. At each station, the rainfall was classified 
according to synoptic type in order to determine whether any urban effect varied 
with storm types. Although it would have been desirable to use a larger sample, 
personnel and fund limitations would not permit it. 
Seasonally, the diurnal synoptic analyses were made for summer (June-August) 
and the wet season (May-September). After making the hourly tabulations at 
each station, it was decided to combine the data into 3-hourly periods to increase 
the sample size and thereby provide a more reliable evaluation of the 
synoptic-diurnal relationships. 
Table 5 shows the distribution of average May-September rainfall at the 
5 recording raingage stations during the 1964—1968 period grouped into two 
12-hour periods. From this table, it is seen that the nocturnal contribution 
to the total seasonal precipitation increases eastward and southeastward from 
Houston as indicated by the percentage values for BTN and GVT. In fact, the 
May-September precipitation distribution at GVT indicates a distinctly different 
diurnal distribution with 32% of its rainfall in the 0900-2100 period compared 
with 59% at HOU. 
Table 5 also demonstrates the importance of air mass storms in the warm 
season rainfall distribution and provides evidence of urban-induced increases 
in these storms. In the last two columns of the table, rainfall in the 0900-2100 
period has been divided into two groups, that associated with 1) non-frontal air 
mass showers and thunderstorms, and 2) all other storm types combined. These 
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include frontal storms, squall lines, low center passages, and hurricane 
associated rainfall. For each station, the air mass rainfall in the 0900-2100 
period has been expressed as a percentage of the total May-September rainfall. 
Table 5. Synoptic-diurnal distribution of May-September 
rainfall, 1961-1968. 
Percent of Percent of Seasonal Total, 
Average Average Seasonal 0900-2100, by Storm Type 
Seasonal 0900-2100 Total Air All 
Station Total (in) Total (in) 0900-2100 Mass Others 
HOU 19.56 11.54 59 32 27 
SAT 20.75 10.98 53 25 28 
TPN 22.68 10.78 48 22 26 
BTN 19.10 9.02 47 26 21 
GVT 22.41 7.10 32 20 12 
Most of the air mass storms occur with winds from SE clockwise to SW. 
Therefore, BTN and TPN were selected as control stations to aid in evaluating 
possible urban effects on modifying the precipitation from these storms. HOU 
was selected as a major effect station and SAT as a minor effect station in 
air mass storms. From Columns 3-4 of Table 5, it is seen that the city station 
(HOU) received 11-12% more of its total seasonal rainfall in the 0900-2100 
period than the control stations. SAT received 5-6% more of its total in this 
period. Column 5 shows that HOU received approximately 8% more air mass 
rainfall than the control station average. However, SAT, the hypothesized minor 
effect station showed little difference from the control stations. Column 6 
indicates little difference among HOU, SAT, and TPN in other storm types. BTN 
is more subject to the nocturnal storms and its relatively low 21% in Column 6 
may reflect this fact. Overall Table 5 provides evidence that air mass storms 
are being modified by the urban environment in Houston and that urban-induced 
increases of approximately 8% occurred in the May-September rainfall during the 
1964-1968 period. 
Indirect indication of an urban-effect on air mass storms is evident at 
Galveston also, although only 32% of the total May-September rainfall occurs in 
the 0900-2100 period. Calculations showed that 6 3% of the rain in this period 
was associated with air mass storms compared with 37% from all other causes. 
At Houston, a lesser 54% of the total rainfall in the 0900-2100 period occurred 
with air mass storms. 
Table 6 shows the percent of total rainfall resulting from air mass storms 
in the 0900-2100 period during June-August, 1964-1968. At all stations, the 
percentage is greater than for the May-September period previously discussed. 
Comparison of HOU with TPN and BTN indicates an average difference of 17% 
compared with 8% in the May-September period. 
Table 7 shows a comparison of the distribution of air mass rainfall in 
the May-September period, grouped by 3-hour and 6-hour intervals. At HOU the 
air mass storms were most productive in the 3 hours, 1200-1500, and the 6 hours, 
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0900-1500. HOU had the greatest percentage values in both the 0900-1200 and 
1200-1500 periods among the 5 stations. Thus, it would appear that the urban 
stimulation of air mass rainfall may occur relatively early in the day in 
Houston. However, since the control station at TPN also shows maximization 
of air mass rainfall in the 0900-1500 period, one cannot conclude that the 
HOU maxima in this period are necessarily related to urban effects. 
Table 6. Distribution of air mass rainfall 
in June-August, 1964-1968. 
Air Mass Air Mass 
Average Average Percent of 
Seasonal 0900-2100 Seasonal 
Station Total (in) (in) Total 
HOU 9.14 4.32 47 
SAT 9.91 3.29 33 
TPN 13.40 3.91 29 
BTN 11.15 3.45 31 
GVT 13.35 3.35 25 
Table 7. Comparison of air mass rainfall in May-September 
according to time of day and its percentage 
contribution to total seasonal rainfall. 
Percent of Total Seasonal Rainfall in Given Time Period 
Station 09-12 12-15 15-18 18-21 09-15 12-18 15-21 
HOU 10.4 11.4 7.9 2.4 21.8 19.3 10.3 
SAT 3.7 9.5 6.9 4.5 13.2 16.4 11.4 
TPN 7.6 6.1 3.7 4.2 13.7 9.8 7.9 
BTN 5.9 8.8 7.5 3.6 14.7 16.3 11.1 
GVT 6.9 4.7 5.7 2.7 11.6 10.4 8.4 
Difference (%) from HOU (H0U-X) 
SAT 6.7 1.9 1.0 -2.1 8.6 2.9 -1.1 
TPN 2.8 5.3 4.2 -1.8 8.1 9.5 2.4 
BTN 4.5 2.6 0.4 -1.2 7.1 3.0 -0.8 
GVT 3.5 6.7 2.8 -0.3 10.2 9.5 1.9 
THUNDER-DAY AND HAIL-DAY DISTRIBUTIONS 
This study was aimed at ascertaining any changes in thunder-day and 
hail-day frequencies in or near Houston where urban-industrial effects on 
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these conditions may have occurred in the 1901-69 period. Historical thunder 
and hail data in original form from NWS stations in and largely within 60 
miles of Houston were used in this study. All available data including that 
for 6 first-order stations and 29 substations with data in the 1901-69 period 
were obtained. The thunderstorm-day and hail-day data for the 29 substations 
were evaluated as to their quality, and 14 were found to have no quality hail 
and thunder records. Fifteen of the substations had quality hail data, as 
shown in Table 8, and 10 had quality thunder data (Table 8). The locations 
of the 20 data stations (excluding Waco) are shown in Fig. 2. 
Table 8. Quality Thunder and Hail Records for Houston Area. 
Period and length of record (years) 
First-order stations Thunder Hail 
Houston City 1910-1960 (51) 1910-1960 (51) 
Houston Ap 1931-69 (39) 1931-69 (39) 
Pt. Arthur 1917-69 (53) 1917-69 (53) 
Waco 1949-69 (21) 1949-69 (21) 
Galveston City 1901-48 (48) 1901-48 (48) 
Galveston Ap 1949-Sept '63 (15) 1949-Sept 1963 (15) 
Cooperative Substations 
Alvin 1901-09 (9) 1901-09 (9) 
1949-50 (2) 1950-65 (15) 
1955-65 (11) 
Anderson 1948-50 (3) 1939-42 (4) 
1954-July '58 (4.5) 1948-50 (3) 
1954-61 (8) 
Angleton not good 1917-23 (7) 
1949-50, 1964 (3) 
Baytown June 1946-50 (4.5) June 1946-50 (4.5) 
1954-55 (2) 1954-55 (2) 
Brazoria 1901-1929 (21) 1903-29 (27) 
Brenhan not good 1907-25 (19) 
1945-50 (6) 
1954-58 (5) 
College Station 1939-54 (16) 1934-54 (21) 
Conroe not good 1920-29 (10) 
1938-45 (8) 
Freeport 1959-69 (11) 1959-69 (11) 
Huntsville not good 1939-64 (26) 
Liberty 1924-33 (10) 1910-32 (23) 
Seely 1911-16 (6) 1911-16 (6) 
June 1918-22 (4.5) 1919-36 (18) 
Sugar Land 1908 (l) 1907-08 (2) 
1964-69 (6) 1941-47 (7) 
1964-69 (6) 
Tomball not good 1944-50 (7) 
1954-58 (5) 
Warren 1954-69 (16) 1954-69 (16) 
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Analytical Approach 
The analysis was based largely on pattern and time-trend analysis of 
thunder and hail frequencies on a seasonal and annual basis. As indicated 
earlier, climatic data and information from meteorologists in the Houston 
area indicate two distinctly different seasons of convective activity. 
May-September has more frequent convective activity with a large number of 
isolated (air mass) daytime thunderstorms and some semi-organized thunderstorms 
related to the local sea breeze effect on convection. Convective activity 
in the cold season is largely related to macroscale synoptic frontal systems. 
Storm motions in the warm season are slow (10 mph or less) and variable, 
moving from various directions, including NE, E, SE, S, and SW. In the cold 
season, storm motions are faster (10 to 25 mph), and motions are largely from 
the SW, W, and NW. Thus, any urban-industrial effect on warm season storm 
frequency should be found in the immediate urban area (within 10 miles of the 
urban boundary based on a storm duration of 1 hour), and within 10 miles of 
the heavily industrialized area extending E-SE of Houston along the Houston 
Ship Channel. In the cold season any urban-industrial effect on thunder or 
hail should exist in a fan-shape area extending 20-30 miles to the NE, E, SE 
of Houston's urban-industrial area. 
Seasonal and annual frequencies of thunderstorms and hail days derived 
from all available quality data at each substation, each of which had limited 
quality records of 7 to 27 years (Table 8), were adjusted according to the 
Houston first-order station frequencies. This adjustment consisted of determining 
for the specific period of quality record at the substation: 1) the percent of 
the long-term (50-year) frequencies experienced at Houston in this period, and 
2) multiplying the actual substation frequency of hail and/or thunder by this 
percentage. The adjusted frequency permitted derivation of averages at the 
substations considered more representative of the long-term (1910-69) average 
value at that station. This removes the bias of a quality record obtained in 
a period of particularly low or high frequency of thunder or hail activity. 
These adjusted long-term seasonal and annual averages for the 
substations were used along with those of the first-order stations to develop 
average seasonal and annual patterns of thunderstorms and hail-days. 
Temporal analyses of thunder and hail-day frequencies were limited to 
use of the Houston City, Houston Airport, and Galveston first-order station 
data. None of the substations had sufficiently long quality records to employ 
in any meaningful time-trend analysis. 
Also employed in the analysis were records of the frequency of smoke-haze 
days recorded at the Houston Airport for the 1932-61 period. These data largely 
reflect changes in industrial pollution and are considered to be an index of 
potential changes in the local concentrations of active cloud and ice nuclei 
that could affect convective clouds and thunderstorm development. Thus, the 
temporal frequency of smoke-haze days was compared with those of thunderstorms 
to ascertain the existence of any relationship. 
The hourly frequencies of thunderstorms at Houston Airport, as recorded in 
the 1956-64 period, were compared with those recorded at the Houston City 
station during the 1910-25 period. This analysis was pursued to examine for 
possible differences in the diurnal distribution during the recent (1956-64) 
period of potential urban effects and the distribution in the earlier period 
when no urban-industrial effects existed. 
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Thunderstorm Results 
Figures 7-9 depict the average seasonal and annual thunder-day patterns 
for the Houston area. The warm season pattern is dominated by a NE-SW ridge 
of thunderstorm activity located 30-40 miles inland and parallel to the Gulf 
Coast. Thunderstorm activity along the coast and further inland in Texas is 
4-6 days per year less. The stabilizing effect of Galveston Bay is revealed 
in the pattern by the northward distribution of the isoceraunics. The 38.7-day 
average of the Houston City station is 2-3 days greater than those at other 
stations along this ridge, and it is suggestive of a possible urban-related 
increase in the urban area. 
The cold season average thunderstorm pattern (Fig. 9) also features an 
inland ridge, but this one maximizes towards the southwest rather than northeast 
as in the warm season. An effect on thunderstorm frequency related to the Gulf 
of Mexico appears to exist, but there is no suggestion of an urban-related 
alteration in the thunder frequencies in the Houston area. 
The annual thunder-day average pattern (Fig. 7) obviously has a distinct 
NE-SW ridge passing through Houston along with a low frequency over Galveston 
Bay. There is a slight suggestion of an urban-related high at Houston in this 
pattern. 
Figure 10 displays the 5-year moving averages of thunderstorm days in the 
May-September period. The Houston City data for the 1910-60 period reveal 
fluctuations, but no distinct trends. Similarly, the Galveston (City plus 
Airport values after 1948) thunderstorm frequencies fluctuate but without 
notable trends. However, the Houston Airport frequency shows a distinct upward 
trend beginning in the late 1930's, and by 1943 this station has a frequency 
comparable to the Houston City values. As shown in Table 9, the Airport averaged 
nearly 34 thunderstorm days in May-September during the 1931-40 period, and 
this was 4 days, or 11% less than the City average. The lower Airport values 
in the 1931-40 period result in long-term (1931-69) averages that are 1-day 
lower than the Houston City values, but in the 1941-60 period (Table 9), the 
two stations had comparable averages. Thus, a 10% increase in thunderstorm days 
occurred at the airport. 
Table 9. Average Houston City and Airport thunder-day 
and hail-day frequencies for pre-effect and 
post-effect periods. 
Average May-September thunder days 
City-Airport City-Airport difference 
City Airport difference  ÷ City value  
Pre-effect, 1931-40 38.0 33.8 4.2 11% 
Post-effect, 1941-60 38.3 38.0 0.3 1% 
Average hail days in 5-yr period 
City-Airport City-Airport difference 
City Airport difference  ÷ City value  
Pre-effect, 1931-50 6.0 1.5 4.5 25 
Post-effect, 1951-60 6.0 6.5 -0.5 -8 
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Figure 7. Average annual thunder days in Houston area. 
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Figure 8, Average May-September thunder days in Houston area, 
Figure 9. Average October-April thunder days in Houston area. 
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Figure 10. 5-year moving totals of May-September' thunder days and 
smoke-haze at Houston Airport. 
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The Airport frequency of smoke-haze days is also plotted on Fig. 10. 
The similarity of this curve, with its sizeable increase in the 1940-50 period, 
to the Airport thunderstorm curve is evidence supporting an explanation that 
there was a local urban effect on thunderstorm activity to the southeast of 
Houston. 
The trend analysis definitely suggests an urban-induced increase of 
thunderstorm activity at the Houston Airport, but it does not support an 
urban-induced increase at Houston City which has been suggested in the average 
thunderstorm pattern. The pattern highs based on the Houston City values are 
either due to the unlikely possibility of urban increases that developed prior 
to 1910, or are due to other local effects. 
The diurnal distribution of thunderstorms for the May-September period 
at the Houston City station during the 1910-25 period is shown in Fig. 11, and 
it reflects a distribution uneffected by urban conditions. The distribution 
at the Houston Airport for the 1956-64 period, one when urban-industrial effects 
have been indicated by the temporal analysis (Fig. 10), is also shown in 
Fig. 11. The distributions are generally the same with notable afternoon 
maximums. However, the urban-effect period (1956-64) frequencies for all hours 
in the 1601-0900 period exceed those of the early "natural" period, and are 
notably higher in the 0001-0900 period. The percentages for the standard 
6-hour periods reveal the greater nocturnal frequency in the urban-effect 
period. The effect (recent) and no-effect (early) values for the 00-06 period 
were 13% vs 6%; those in the 06-12 period are 20% vs 23%; those in the 12-18 
period are 50% vs 57%; and those in the 18-24 period are 17% vs 14%, 
respectively. Thus, 30% of all thunderstorms in 1956-64 were nocturnal, 
whereas only 20% of those in 1910-25 period were nocturnal. These different 
results help establish 1) the existence of an urban-industrial effect on 
thunderstorms at the Airport, and 2) reveal this effect is realized mostly 
at night. This nocturnal enhancement suggests thermal effects are important. 
Hail Results 
The average seasonal and annual hail patterns in the Houston area are 
shown in Figs. 12-14. The May-September pattern (Fig. 13) indicates a west-east 
ridge with a notable eastward decrease towards the Gulf and over the Galveston 
Bay. In general, it indicates a macroscale distribution without any 
urban-related effects. The average cold season hail pattern (Fig. 14) has a 
general north-south decrease through the area with a northeast-southwest 
oriented ridge that extends northward from Houston. The average 10-year 
frequency at the Houston City station appears to be 1 day greater than the 
surrounding area values, indicating possible slight urban enhancement of hail. 
The 10-year average hail-day pattern (Fig. 12) shows a northeast-southwest 
ridge inland from the Gulf with a local high of 12 days at Houston. This value 
is twice those found 40 miles to the south and southeast. However, this Houston 
high is only 1 day more than other values in this ridge. 
The temporal distributions of the hail days at Houston City, Houston 
Airport, and Galveston appear in Fig. 15. The Houston City 5-year values for 
1911-60 fluctuate around the mean of 6 days per 5-year period, but there is no 
evidence of a marked up or downward trend. Hence, the minor high in hail days 
at Houston shown in Fig. 12, does not appear to be a result of urban effects 
on convective activity. The Galveston hail frequencies fluctuate less than 
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Figure 11. Comparison of diurnal distribution of thunderstorms at Houston 
City in 1910-25 with that at Airport in 1956-64. 
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Figure 12. Number of hail days in an average 10 year period in Houston area. 
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Figure 13, Number of May-Septemher hail days in an average 10 year period. 
Figure 14. Number of October-April hail days in an average 10 year period. 
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Houston, and show a slight downward trend in recent years. However, the 
Galveston values after 1948 are from the Galveston Airport site, not the City, 
and this suggests that the lower Galveston values shown in Fig. 14 for 1951-60 
are likely due to the different location. 
The Houston Airport values for 19 31-50 were much lower than the Houston 
City values. However, after 1950, the Airport frequency increased dramatically 
and was comparable to the city values in the 1951-60 period, the last 10 years 
of their joint operation. The differences in the hail days at these two 
locations and for the two different periods are shown in Table 9. 
CONCLUSIONS 
The general conclusion dictated from spatial analyses of total seasonal 
rainfall is that there is no reliable evidence of an urban precipitation effect 
during any season. This conclusion agrees with that of Kelly (1972), based 
on a study of annual and monthly rainfall in the Houston area. However, the 
presence of an urban effect is not precluded by the above findings. The 
sparcity of long-term precipitation data and natural climatic gradients of 
rainfall in the region make pattern analyses (basic to the Illinois study) a 
relatively weak evaluation tool under these circumstances. 
Time trend analyses for the 1954—68 period did provide weak evidence of 
an urban effect intensifying with time on the west side of the city during 
the warm season (May-September), when prevailing winds, industrial concentrations, 
and the urban heat island would favor such a development. However, this same 
west side trend was present in the cold season when the effect would have been 
expected east of the city with westerly-component winds prevailing. Overall, 
therefore, there is but little support for an urban effect in the time trend 
analyses, and again in agreement with results of the Kelly study (1972). 
Examination of spring, summer, fall, winter, warm season, and cold season 
precipitation patterns for days with rainfall of one inch or more led to the 
conclusion that the evidence is insufficient to identify reliably the existence 
or non-existence of an urban effect on relatively heavy rain days. However, 
there is a suggestion of an urban intensification of these storms in winter 
about 25-45 miles E and NE of the urban center. 
The basic conclusion from a study of weekday-weekend rainfall relations 
is the same as for the 1-inch rain days. That is, there is not adequate 
evidence from our 4-station analysis to prove satisfactorily the presence of a 
weekday-weekend differential effect resulting from urban environmental factors. 
Diurnal and synoptic weather analyses performed for the 1964-68 period 
did indicate that there is an urban enhancement of non-frontal rainstorms 
within the city during the warm season. This increase in non-frontal rainfall 
is of the order of 8% in the May-September period and 17% in the June-August 
period. 
Houston City values of thunder days and hail days during the period of 
joint airport and city operations (1931-60) showed no trends, and the city 
averages for two periods analyzed do not vary. Inspection of the thunder-day 
averages of the Houston Airport show that the thunder frequencies in the 
1941-60 season represented a 10% increase over those prior to 1941. The 
1941-60 thunder day average at the airport station closely matched the city 
station value. Therefore, if the May-September thunder day pattern of Fig. 8 
-184-
Figure 15. Temporal Distribution of hail days at Houston City, 
Houston Airport, and Galveston City stations. 
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was drawn based on post-1940 data, the 38-day localized high around the 
Houston City would extend southeastward to include the Airport. The association 
of the thunder-day upward trend at the airport in the late 1930's and the 
early 1940's and the increased frequency of smoke-haze days at the airport 
are indications of urban-industrial effects on thunderstorms. The rapid growth 
of industry southeast of Houston in World War II obviously led to an increase 
of smoke days in the area, indicating the possibility of sizeable releases of 
active cloud and ice nuclei to enhance rain and lead to thunderstorms. The 
different diurnal distribution in the thunderstorms during 1956-64, as compared 
to the 1910-25 distribution, also supports the localized effect and change in 
nocturnal thunderstorm frequency. 
A sizeable increase in hail days at the airport occurred in the early 
1950's, about 10 years after the thunderstorm increase occurred. In the 
pre-effect period (1931-50) the airport average hail day frequency was 1.5, or 
only 25% of that at the city station. The hail-day increase at the airport 
led to an average of 6.5 days in 1951-60 which was comparable to the city average. 
This was a 400% increase in hail days at the airport. 
Long-term average patterns of thunder days and hail days indicate that 
the city station averages were 1) 1 to 2 thunder days more in the May-September 
periods of each year than the surrounding data would suggest, and 2) one day of 
hail more in an average 10-year period than other stations. However, time trend 
analyses of the city station thunder and hail frequencies for 1910-60 do not 
reveal any marked upward shifts. Thus, if the pattern differences are at all 
relatable to urban effects, they developed prior to 1910, an unlikely situation. 
The 10% thunder day increase and the 400% hail-day increase at the Houston 
Airport, in and near where sizeable urban-industrial growth has occurred, do 
appear to relate to inadvertent effects. The matching increase in smoke-haze 
days, and the lack of increases in thunder or hail days at the Houston City 
station or at Galveston support this conclusion. 
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URBAN EFFECTS ON PRECIPITATION AT NEW ORLEANS 
INTRODUCTION 
New Orleans is a coastal city of moderate size with highly humid conditions, 
high annual precipitation, warm climate and modest industrial development. The 
1970 population was 590,000. Most of the industry is located in the S and SE 
parts of the city. The surrounding terrain is largely marshy delta land. Lake 
Pontchartrain (610 mi2) lies immediately north, Lake Borgne is east of the city, 
and the Mississippi River is on the south edge of the urban area. 
According to published climatological data (U. S. Dept. of Commerce, 1969), 
the city has the characteristics of a marine climate as a result of the sur-
rounding bayous, canals, lakes, and rivers. There are apparently two basic 
seasons, May-October and November-April. Officials of the National Weather 
Service at New Orleans indicate that the warm season rainfall is dominated by 
thunderstorms with maximization in July when there is approximately a 50% prob-
ability on a given day. In general, most summer thunderstorms move very slowly 
(5 mph or less) from the SE or S. They are strictly convective in nature, quite 
scattered, and unorganized. Apparently the Gulf sea breeze effect on showers in 
New Orleans is negligible. 
Lake Pontchartrain tends to suppress convection over that water body. This 
suppression effect is felt along the south shore of the lake and inland for 1-2 
miles. During a few days in summer, a land breeze effect from Lake Pontchartrain 
will lead to development of a weak, scattered line of thunderstorms along an E-W 
line, and these will move southward across the city. 
There is a very distinct daytime maxima of thunderstorms, with occurrence 
most frequently around 1-2 P.m. Nocturnal thunderstorms are rare. However, 
they do develop quite frequently over Lake Ponchartrain, Lake Borgne, and the 
Gulf to the E and SE of the city, but quickly dissipate whenever they move inland. 
Location, period of record, and abbreviations for stations used in the 
seasonal precipitation analyses are shown in Figure 1. The upper map shows the 
station distribution about the city and the lower map shows the urban network 
used in special phases of the analyses. Stations used in the thunderstorm-hail 
analyses are identified in Figure 2. 
SPATIAL PATTERNS OF SEASONAL PRECIPITATION 
Most of the spatial analyses were limited to the 1954-68 period because of 
station density deficiencies which made pattern analyses less reliable in earlier 
years. In general, the presence of relatively strong gradients in the natural 
precipitation distribution and lack of long-term climatic records outside of the 
city makes positive identification of any existing urban effects difficult. 
Figure 3 shows patterns of summer and winter precipitation for New Orleans 
and the surrounding region out to a radius of 50 mi2 during the 1954-68 period. 
Figure 4 shows the isohyetal patterns within the city during the same period on 
a larger scale to emphasize the urban patterns. The regional summer pattern in 
Figure 3 indicates a gradual S-N decrease in rainfall throughout the New Orleans 
region. The S-N decrease does have a tongue of heavier rainfall in the urban 
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Figure 1, Location and period of record for stations used in daily and 
seasonal precipitation analyses in New Orleans area 
Figure 2. Stations with quality thunder and hail data in New Orleans area 
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Figure 3. Seasonal precipitation patterns in New Orleans region 
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area due to distortion of the general isoheyetal pattern, but this tongue appears 
to originate south of the city. 
The summer pattern for the immediate urban area in Figure 4 shows the high 
tongue extending through the central part of the city. It is quite possible that 
this urban high in the pattern is related to urban-induced effects, but the 
general climatic pattern prevents positive identification of this as an urban 
effect. However, the characteristic slow movement of storms in a northerly 
direction over the city after development in the marshes and bayous to the S and 
SE would tend to create the type of pattern shown in Figure 4. Intensification 
of storms could take place over the industrial areas on the southern edge of the 
city and intensify from the heat island in their slow northward movement. The 
characteristic slow movement of 5 mi/hr or less and scattered nature of the storms 
would be favorable for "heat-island" action. 
A possible suppression effect is suggested within the city by the winter 
patterns of Figures 3 and 4. Thus, Figure 4 shows a SW-NE oriented low through 
the central part of the city, and this apparently is not a regional climatic low 
according to the larger-scale winter map of Figure 3. However, a general decrease 
in precipitation occurs from NW-SE in the winter climatic pattern of Figure 3, 
but there is an accentuation of it in the central urban area. Most winter pre-
cipitation is frontal occurring ahead of warm or cold fronts. 
Figure 5 shows the urban summer rainfall pattern during the last 5 years of 
the sampling period, 1964-68. The same general pattern is maintained as in the 
15-year period (Figure 4), except that the heaviest rainfall was experienced on 
the north side of the city in 1964-68, whereas it occurred on the south side in 
the 15-year average. However, the S-N ridge through the city is in the same 
general region on both maps. The 1964-68 period displays a greater difference 
between the rainfall in the urban ridge and the surrounding regions, which could 
be related to intensification of an urban effect with time. However, as in the 
case of the 1954-68 pattern, the 1964-68 urban ridge is part of an elongated 
climatic ridge extending many miles south of the city, so that the urban high can 
be partially but not wholly urban-induced. 
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
In a further effort to determine whether the summer urban high of Figure 4 
is related to urban-induced effects on precipitation, time trend analyses similar 
to those described for the other cities were made. Figure 6 shows the trend of 
5-year moving averages of summer rainfall over the urban area in the 1954-68 
period. This shows an increasing trend, oriented S-N, paralleling the rainfall 
high of Figure 4, and provides additional evidence that the central urban high 
may be urban-related. Other analyses (not illustrated) indicated that the 
increasing trend did extend south of the city, but that it gradually weakened 
with increasing distance. Thus, again we do not have positive identification of 
an urban effect, but some evidence that a general climatic trend may have been 
intensified within the city. 
An upward trend in the winter precipitation occurred in the 1954-68 period 
also, but appeared definitely to be associated with a much larger-scale climatic 
trend. Thus, it is concluded that there is no significant evidence of an upward 
trend in winter precipitation over the city. In view of the earlier indication 
of an urban suppression effect in the winter spatial pattern in the city, no 
trend or a downward trend would be expected in the winter trend pattern over 
the city. 
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Figure 4. Seasonal precipitation patterns in New Orleans metropolitan 
area, 1954-68 
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Figure 5. Summer rainfall pattern in New Orleans metropolitan area, 1964-68 
Figure 6. Time trend of summer rainfall in New Orleans metropolitan area, 1954-68 
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WEEKDAY-WEEKEND RELATIONS 
Weekday-weekend relations were investigated at two stations, the downtown 
Weather Bureau station (CIT) and the Airport station (MOI), located west of the 
city (Figure 1). Average weekday-weekend ratios of daily precipitation were 
calculated for the 20-year period, 1949-68. Results are summarized in Table 1, 
which shows ratios for total precipitation and frequency of precipitation days 
for selected daily amounts in the warm season (April-October) and the cold 
season (November-March). 
Examination of the tabulations (Table 1) for total precipitation in the 
warm season indicate no large differences between the weekday and weekend daily 
precipitation amounts. For all daily intensities except those days with amounts 
over one inch, the ratio is close to unity. However, further examination of the 
original tabulations revealed that when days with rainfall of one inch or more 
were omitted, there is evidence of a greater average rainfall on weekdays. The 
average weekday/weekend ratios for days with amounts of 0.01 to 0.99 inch were 
1.07 and 1.09, respectively, for CIT and MOI. Thus, the possibility exists that 
light to moderate natural rainfalls are intensified, on the average, during the 
warm season on weekdays, but that the additional industrial activity (particulate 
discharges) is either ineffective or has a suppressing effect on the naturally 
heavy rainfalls on weekdays. The effect on rains of one inch or more is very 
important, however, since they account for about 55% of the warm season rainfall 
in the CIT-M0I area. 
The ratios for frequency of rainy days in the warm season show a 3% to 15% 
greater occurrence on weekdays than on weekend days, and this percentage difference 
increases with increasing intensity of daily rainfall (Table l). The greatest 
weekday percentage increase occurred with daily rains of 0.25 inch or more. 
Thus, there is some evidence that the frequency of rainy days may be increased 
by urban particulate discharges that are greater on weekdays. Although the 
weekday frequency of days with one inch or more is greater, the average rainfall 
in this category was greater on weekend days during the 1949-68 period due to 
more unusually heavy weekend rains. 
Turning to the data for the cold season, the ratios for both total precipi-
tation and frequency of precipitation days indicate that the particulate effect, 
if any, is to decrease precipitation on weekdays. That is, the ratios indicate 
10-15% less precipitation on an average weekday compared with an average weekend 
day. 
Since opposite relationships exist in the weekday-weekend ratios in the warm 
and cold season, the question arises as to whether these relationships reflect a 
differential effect of atmospheric particulates between the season, or a sampling 
variation despite the 20-year sample. MOI and CIT display similar warm season 
ratios, but with SE and S winds dominating the low-level flow, both could be 
affected by the industry on the S and SE sides of the city. The cold season 
ratios for MOI are less than those for CIT which is located closer to the indus-
trial sources. This would indicate that the particulate suppression effect is 
more pronounced at MOI, but with W and NW winds more dominant in the cold season 
the opposite effect would be expected with industry mostly on the south side. 
One could, of course, hypothesize that the ratios being less then unity reflects 
a climatic anomaly which is partially eliminated by a particulate-related increase 
at CIT during the cold season. 
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Table 1. Average weekday/weekend ratios of daily-
precipitation in New Orleans area, 
1949-68. 
Ratio for given daily precipitation equalled or exceeded 
Station 0.01 0.10 0.25 0.50 1.00 
Warm season - total precipitation 
CIT 0.99 0.99 O.98 0.98 0.93 
M0I 0.99 0.99 1.00 0.97 0.95 
Warm season - precipitation frequency 
CIT 1.02 1.10 1.08 1.12 1.12 
M0I 1.03 1.06 1.12 1.08 1.18 
Cold season - total precipitation 
CIT 0.92 0.91 0.91 0.90 0.91 
M0I 0.87 0.87 0.85 0.83 0.76 
Cold season - precipitation frequency 
CIT 0.98 0.93 0.91 0.86 0.80 
M0I 1.00 0.94 0.88 0.82 0.68 
Thus, we can find some evidence in the weekday-weekend relations for and 
against a greater urban-induced effect on the natural precipitation during week-
days; however, the evidence is by no means adequate to reach reliable conclusions 
either as to the existence or non-existence of a particulate effect of different 
magnitude on weekdays with their greater industrial activity. 
FREQUENCY OF HEAVY DAILY PRECIPITATION 
Analyses of the distribution patterns of daily precipitation amounts equaling 
or exceeding one inch were made for summer, winter, warm season (April-October), 
and cold season (November-March) during the 1954-68 period. The summer and warm 
season patterns showed a S-N ridge extending through the city corresponding to 
the total rainfall ridge in summer (Figure 4). However, this ridge in the fre-
quency of 1-inch amounts extended south of the city for 25-50 miles, so that it 
appears to represent a natural climatic anomaly, as opposed to an urban-induced 
effect (Figure 7). If there is any urban contribution to this high, it is too 
slight to be separated from the climatic pattern, based upon a station density 
that is not very satisfactory for pattern analysis, especially in the bayous and 
marshes south of the city. 
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Figure 7. Frequency of days with precipitation one inch in New Orleans region 
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Examination of the winter and cold season patterns provides more tangible 
evidence of a possible enhancement in relatively heavy precipitation days by 
urban-induced effects. A high in the pattern is located on the east edge and 
eastward from the city (Figure 7) with relatively high values at CTR at the NE 
edge of the city, compared with other city stations. With predominant flow out 
of westerly and northwesterly directions during the cold season, the high east 
of the city is logically located for being related to urban effects. Furthermore, 
it is confined to a reasonably small area, as would be most likely if urban 
influenced. 
Overall, the analyses of the 1-inch or greater rain days provided no 
acceptable evidence of an urban effect in the warm season, but possible production 
or intensification of a cold season high east of the city. 
Data from an urban network of 13 gages were obtained to examine the distri-
bution of daily rainfalls equaling or exceeding 2.0, 2.5, and 3.0 inches in the 
1961-70 period. These raingage data were furnished by the Sewer & Water Board 
of New Orleans. Within the urban area, the most frequent occurrences of daily 
rainfalls at these intensity levels occurred in the southern part of the city 
with maximization near HAL and CIT (Figure l). Thus, the number of 2-inch or 
greater rains varied from a high of 103 at HAL to a low of 73 at the Airport 
(MOI) west of the city. The immediate urban area about HAL showed 80-90 
occurrences in the 10-year period (Table 2). Similarly the number of 2.5-inch 
or greater storms ranged from 35 at MOI to 52 at HAL, and the 3.0-inch or 
greater group varied from 12 to 19 occurrences (Table 2). 
Table 2. Frequency of daily rainfall equaling 
or exceeding 2.0, 2.5, and 3.0 inches 
in New Orleans, 1961-70. 
Total number of occurrences 
Station 
CIT 
HAL 
PRK 
JEF 
AUD 
ALG 
JOR 
DUB 
MET 
LON 
GEN 
CTR 
MOI 
Median 
100 
103 
97 
93 
84 
91 
93 
75 
89 
81 
93 
89 
73 
91 
47 
52 
46 
44 
40 
42 
43 
34 
38 
38 
43 
36 
35 
42 
18 
19 
18 
17 
14 
17 
17 
11 
11 
14 
15 
10 
12 
15 
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From these data, it can be seen that the maximization of these heavy-
storm rainfalls occur over the downtown urban area slightly north of the 
industrial activity on the south side of the city. The maximization zone 
did not extend northward to near Lake Pontchartrain, as found with the total 
summer rainfall patterns; however, the maximization is in the same general 
area as the total rainfall high. Thus, there is a distinct possibility that 
the combination of the urban heat and particulate plumes are contributing to 
the intensification of these natural heavy storms. The percentage variation 
in 2-inch or greater rainfalls in the urban area is shown in Fig. 8. Ratios 
of the 2-inch frequency at each urban station to CIT was calculated, and 
the pattern in Fig. 8 constructed. Occurrences in the CIT-HAL vicinity were 
10-20% greater than over the rest of the city. 
SYNOPTIC ANALYSES 
Synoptic analyses for the 1964-68 period indicated a possible increase 
of the order of 10% in the summer rainfall on the north side of the city 
resulting from urban intensification of air mass thunderstorms. Air mass 
storms are the primary source of rainfall in the metropolitan area, as illus-
trated in Fig. 9. Thus, the air mass contribution to the total summer rainfall 
during 1964-68 increased from 52$ in the southern part of the city to 68$ in 
the northern part. These slow-moving storms which frequently form to the SE 
and S of the city have the opportunity for urban enhancement effects from the 
industry in the southern part of the city and from the metropolitan heat 
island during their slow traverse. Fig. 5 shows the maximum summer rainfall 
in 1964-68 was located in the northern part of the city near GEN (Fig. l), 
and this high appears to be related to the maximization of air mass rainfall 
over this part of the city. Other types of storms (grouped together) showed 
a pattern within the metropolitan area having a maximum for the 1964-68 period 
in the ALG region just south of the city, and a minimum west of the city at MOI. 
In general, there was a maximum on the east side of the city, extending N and NE 
from ALG to LON to CTR. This appears to be an extension of the climatic ridge 
in the summer rainfall pattern discussed earlier. 
THUNDER-DAY AND HAIL-DAY DISTRIBUTIONS 
This study was aimed at ascertaining any changes in thunder-day and 
hail-day frequencies in or near New Orleans where urban-industrial effects 
on these conditions may have occurred in the 1901-69 period. Historical 
thunder and hail data in original form from NWS stations in and largely 
within 60 miles of New Orleans were used in this study. All available data 
including that for 3 first-order stations and 30 substations with data in 
the 1901-69 period were obtained. The thunderstorm-day and hail-day data 
for the 30 substations were evaluated as to their quality, and 15 were 
found to have no quality hail and thunder records. Fifteen of the sub-
stations had quality hail data, as shown in Table 3, and 8 had quality 
thunder data (Table 3). The locations of the 18 data stations are shown in 
Fig. 2 
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Figure 8. Ratios of 2-inch rainfall frequencies (X/CIT), New Orleans 
metropolitan area, 1961-70 
Figure 9. Percent of total summer rainfall in air mass storms in New 
Orleans metropolitan area, 1964-68 
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Table 3. Stations in New Orleans Area with Quality Thunder and Hail Data. 
Station 
First Order Stations 
New Orleans City 
New Orleans Moissant Airport 
Baton Rouge Airport 
Substations 
Amite 
Bay St. Louis 
Bogalusa 
Buras 
Carville 
Covington 
Delta Farms 
Donalds onville 
Franklinton 
Metairie 
Naval Am. Depot 
Pearlington 
Picayune 
Schriever 
Violet 
Period of Quality Record 
Thunder 
1901-70 (70) 
1945-70 (26) 
1949-69 (21) 
None 
None 
None 
1946-48  (3) 
1950-52 (3) 
        (6) 
August 1947-69 (23) 
1919-27 (9) 
1960-69 (10) 
(l9) 
None 
None 
1957-60 (4) 
1966-69 (4) 
(8) 
1949-60 (12) 
None 
1901-04 (4) 
1964-67 (4 ) 
  (8) 
1950-60 (11) 
1962-65 (4) 
(15) 
1948-58 (11) 
None 
Ha i l 
1901-70 (70) 
1945-70 (26) 
1949-69 (21) 
1901-35 (35) 
1950-69 (20) 
(55) 
1904+-16 (13) 
1951-68 (18) 
(31) 
1949-59 (11) 
Sept 1945-52 (7 1/2) 
August 1947-69 (23) 
1901-38 (38) 
1956-69 (14) 
  (52) 
1922-39 (18) 
1901-l4 (14) 
Sept 1956-69 (13 1/2) 
1949-60 (12) 
1946-57 (12) 
1901-06 (6) 
1964-67 (4) 
(10) 
1950-66 (17) 
1948-58 (11) 
1957-68 (12) 
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Analytical Approach 
The analysis was based largely on pattern and time-trend analysis of 
thunder and hail frequencies on a seasonal and annual basis. As pointed out 
earlier, a study of climatic data and information from meteorologists at 
New Orleans indicate that there are two distinctly different seasons of 
convective activity in the New Orleans area. 
Storm motions in the warm season are very slow (5 mph or less) and 
move largely from the S or SE. In the cold season, storm motions are faster 
(10 to 25 mph), and motions are largely from the SW, W, and NW. Thus, any 
urban-industrial effect on warm season storm frequency should be found in 
the immediate urban area (within 5 to 10 miles of the urban boundary based 
on a storm duration of 1 hour), and within 5 miles of the heavily industrial-
ized area extending S and SE of New Orleans along the Mississippi River. In 
the cold season any urban-industrial effect on thunder or hail should exist 
over and in a fan-shape area extending 20-30 miles to the NE, E, or SE of New 
Orleans urban-industrial area. 
Seasonal and annual frequencies of thunderstorm days and hail days 
derived from all available quality data at each substation, each of which 
had limited quality records of 6 to 55 years (Table 3), were adjusted accord-
ing to the New Orleans City first-order station frequencies. This adjustment 
consisted of determining for the specific period of quality record at the 
substation: l) the percent of the long-term (69-year)frequencies experienced 
at New Orleans in this period, and 2) multiplying the actual substation fre-
quency of hail and/or thunder by this percentage. The adjusted frequency 
permitted derivation of averages at the substations considered more representa-
tive of the long-term (19O1-69) average value at that station. This removed 
the bias of a quality record obtained in a period of particularly low or high 
frequency of thunder or hail activity. 
These adjusted long-term seasonal and annual averages for the substations 
were used along with those of the first-order stations to develop long-term 
average seasonal and annual patterns of thunderstorm-days and hail-days. 
Temporal analyses of thunder-day and hail-day frequencies were largely 
limited to use of the New Orleans City and New Orleans Airport (Moissant) 
first-order station data. Only a few of the substations like Carville (Table 3) 
had sufficiently long quality records to employ in any meaningful time-trend 
analysis. 
The hourly frequencies of thunderstorms at the New Orleans Airport, as 
recorded in the 1961-64 period, were compared with those recorded at the New 
Orleans City station during this period when comparable hourly records were 
available. This analysis was pursued to examine for possible differences in 
the diurnal distribution of the City station during the recent (1961-64) period 
of potential urban effects in the City and that at the Airport where no effects 
existed. 
Thunderstorm Results 
Figs. 10-12 depict the long-term average seasonal and annual thunder-day 
patterns for the New Orleans area. The warm season pattern (Fig. 10) has a 
ENE-WSW ridge of thunderstorm activity beginning in New Orleans and extending 
eastward along the Gulf Coast. Thunderstorm activity diminishes away from 
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Figure 10. Average thunder days in May-October 
in New Orleans area, 1901-69 
Figure 11. Average number of thunder days in November-April 
in New Orleans area, 1901-69 
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this ridge, being 4-6 days less elsewhere. This ridge may result from the 
few days of lake-land breeze storms that develop through New Orleans. The 
pattern is not suggestive of a possible urban-related increase of thunder-
storms in the urban area. 
The cold season average thunderstorm pattern (Fig. 11) also features an 
inland ridge, but this one maximizes towards the west, rather than northeast 
as in the warm season. An effect on thunderstorm frequency related to the 
Gulf of Mexico appears to exist, but again there is no suggestion of an urban-
related alteration in the long-term average thunder frequencies in the Houston 
area. 
The annual thunder-day average pattern (Fig. 12) obviously has a distinct 
E-W ridge passing through New Orleans with much lower frequencies near the Gulf. 
There is a slight suggestion of an urban-related high at the New Orleans City 
station in this pattern. 
Fig. 13 displays the 5-year moving averages of thunderstorm days in the 
May-October season of the 1945-69 period. The station values fluctuate in the 
1949-61 period, but exhibit no distinct trends. They are quite similar in 
the 1955-61 period. However, the New Orleans City frequency shows a distinct 
upward trend beginning in the early 1960's and by 1963 this station had a dis-
tinctly higher frequency that was sustained through 1969. As shown in Table 4, 
the City averaged 53 thunderstorm days in May-October periods during the 1945-6l 
period, and this was 4 days, or 7%, less than the Airport average. The City 
average for the 1962-69 period was 26% higher than that at the Airport and 11% 
higher than the City average for 1945-61. A study of the temporal frequency 
Table 4. Average New Orleans City and Airport thunder-day 
and hail-day frequencies for pre-effect and 
post-effect periods for the warm season. 
of smoke-haze days was not pursued since these data for the 1950-69 period were 
collected at the Airport and not at the City where the thunder increase occurred. 
The diurnal distributions of "solo" thunderstorm days for the May-October 
period at the New Orleans City and Airport stations during the 1961-64 period 
are shown in Fig. 14. The only available hourly thunder data for both stations 
in the 1962-69 "effect" period was for 1961-64. A solo thunder day was a day of 
thunder occurring only at that station (Airport or City) and not at the other 
station, and differences in these reflect urban effects since the Airport fre-
quency of solo days is assumed to describe the natural rural frequency of these 
Figure 12. Average annual number of thunder days in New Orleans area, 1909-69 
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Figure 13. 5-year moving averages of May-October thunder days in 
New Orleans area 
Figure 14. Diurnal distribution of hours with thunderstorms 
on solo thunder days at New Orleans City and Airport stations, 
1961-64 
-205-
events. In the 1961-64 period there were 73 solo thunder days at the City 
station as compared to 48 days at the Airport. There were 6l hours with 
thunder at the Airport and 90 at the City. Comparison of their diurnal 
distributions (Fig. 14) reveals there were more thunder hours at the City 
earlier in the day suggesting triggering of convection by added heating of 
the city in the morning. 
Further examination of the City-Airport differences in solo thunder 
days was pursued. Difference testing using the Dependent sample matched pairs 
test was performed on the data for 1945-69, and the results of the testing 
are summarized in Table 5. The significant summer (June-August) difference 
for the City came largely from the high values at the City since 196l (Fig. 13). 
Synoptic typing was accomplished for the summer season solo thunder days 
at the City and those at the Airport for the 1951-64 period. Table 6 summar-
izes the results of this typing. Unfortunately, the time of thunder could not 
be determined after 1964. Air mass situations are indicated as those most 
favorable for the realization of urban effects on the summer thunderstorm 
development. The other synoptic categories are generally of equal frequency 
for both locales, and are so infrequent to be an unreliable sample. 
Table 5. Summary of Solo Thunder Day Differences Between 
New Orleans Airport and City, 1945-1969. 
Season 
Winter 
Spring 
Summer 
Fall 
Annual 
Thunder 
at both 
Stations 
102 
285 
754 
178 
1320 
City 
solo 
Days 
31 
64 
226 
54 
374 
Airport 
thunder solo thunder 
Days 
42 
70 
176 
68 
357 
City Significant 
t score with 
level in Brackets 
Not Significant 
Not Significant 
1.373 (0.10) 
Not Significant 
Not Significant 
Table 6. Summary of Synoptic Situations for Solo Thunder Days at 
the City and the Airport for the Summer Season, 1951-64 
Air 
Mass 
Station No. % 
Synoptic Situation 
Stat- Stat- Trop- Cold Cold Cold 
ionary ionary ical Front Front Front 
Front Front Depre- Frontal Warm Cold 
Warm Air Cold Air ssion Zone Air Air Squall Total 
City 78 80.4 6 6.2 1 1.0 6 6.2 3 3.1 2 2.1 0 0 1 1.0 97 
Airport 55 69.6 12 15.2 2 2.5 2 2.5 2 2.5 2 2.5 2 2.5 2 2.5 79 
Total 133 18 3 8 5 4 2 3 176 
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Figure 15. Number of May-October hail days in average 10-year period 
in New Orleans area 
Figure 16. Number of November-April nail days in average 10-year period 
in New Orleans area 
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Hail Results 
The long-term average seasonal and annual hail patterns in the New 
Orleans area are shown in Figs. 15-17. The May-October pattern (Fig. 15) 
indicates a minor west-east ridge through New Orleans with decrease towards 
the Gulf and over Lake Ponchartrain. Much higher frequencies exist 30 to 
50 miles north of New Orleans that are related to macroscale conditions. 
An apparent localized high exists in the center of New Orleans. 
The average cold season hail pattern (Fig. 16) also has a west-east 
ridge trough New Orleans, west-east through across Lake Ponchartrain, and 
higher values to the north. The average 10-yr frequencies at Metairie and 
New Orlean City stations are 1 day greater than the surrounding ridge values, 
indicating possible minor urban enhancement of hail in the cold season. 
The 10-yr average hail-day pattern (Fig. 17) is an amplification of 
the similar seasonal patterns: low along the Gulf, a local high in central 
New Orleans, a W-E ridge through New Orleans, a W-E trough across Lake 
Ponchartrain, and high values to the north. However, the Metairie value 
in New Orleans of 16 days is more than twice those found within 50 miles of 
New Orleans. Thus, a pronounced urban area high of hail exists at New 
Orleans. 
Since the Metairie high value is based on only 12 years of data, further 
proof of an urban related increase in hail days was sought. Figs. 15-17 do 
show that the City station also has higher averages than other surrounding 
stations. The temporal distribution of City hail days for 1930-69 and that 
at the Airport for 1945-69 (all available data) appear in Fig. 18. Hail is 
infrequent and temporal variations tend to be large, as noted in Fig. 18, 
but no systematic trend exists at the Airport. As with thunder (Fig. 13) 
the Airport values are higher than City values in the 1945-54 period and 
slightly less than the City in 1955-60. As with thunder, the City values of 
hail begin to increase dramatically in 1962, becoming much larger than any 
in the previous record and remaining higher than the Airport through 1969. 
The New Orleans City values for 1945-6l were much lower (Table 4) than 
the Airport values. However, after 196l, the City frequency increased 
dramatically and was 160 percent greater than the Airport values for the 
1962-69 period. The differences in the hail days at these two locations 
and for the two different periods are shown in Table 4. 
To examine further the urban-produced hail high, maps based on available 
hail data were drawn for two recent periods: 1951-60 and 1961-69. The 
pattern and point hail-day values for 1951-60 appear on Fig. 19. The extremely 
high value, 10 days, at the Metairie station in New Orleans is quite pronounced 
although the high extends SE where industrial complexes exist to the Naval 
Depot. The pattern for 1961-69 (Fig. 20) reveals a NW-SE ridge extending into 
the New Orleans area, but a localized urban high still exists with 11 days 
at the City station. 
GENERAL CONCLUSIONS 
The presence of relatively strong climatic gradients in the urban region 
and scarcity of long-term climatic records outside of the city makes identifi-
cation of any existing urban effects on daily and seasonal precipitation 
difficult to identify with a high degree of confidence. Based primarily on 
data for 1954-68, some evidence was found in the warm season rainfall patterns 
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Figure 17. Number of annual hail days in average 10-year period in 
New Orleans area 
Figure 18. 5-year moving totals of hail days at New Orleans City 
and Airport (Moisant) stations, 1930-69 
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Figure 19. Total hail days in 1951-60 period 
in New Orleans area 
Figure 20. Total hail days in 1961-69 period 
in New Orleans area 
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of an urban-induced increase in the northern part of the city. A possible 
suppression effect was suggested by the winter precipitation patterns. 
Time trend analyses of summer rainfall provided some evidence of an 
urban-intensified effect superimposed upon a climatic ridge extending north-
ward through the city. No evidence of a changing trend was found in winter 
precipitation. 
Weekday-weekend analyses for 1949-68 yielded evidence of a greater urban 
effect on the warm season rainfall on weekdays compared with weekends. The 
frequency of rainy days was greater on weekdays at all intensity levels of 
daily rainfall tested, but increases in total seasonal rainfall apparently 
occurred mostly on days with natural rainfall less than one inch. In the 
cold season, a possible weekday suppression effect was suggested by fewer 
occurrences and less precipitation on weekdays, and this effect appears to 
increase with increasing natural precipitation. 
Synoptic analyses for 1964-68 indicated a possible increase of the order 
of 10% in summer rainfall on the north side of the city, associated with urban 
intensification and/or development of air mass storms. 
Rather strong evidence was found showing recent urban-related increases 
in thunder days and hail days within the New Orleans urban area. These increases 
began in the 196O-65 period and the 1961-69 values within New Orleans were 
greater than any there in previous years or those at surrounding stations in 
the 1961-69 period. 
The thunder increase was most pronounced in the major convective season, 
May-October, and the City station ( CIT) increase in thunder days was 26%. The 
summer season increase was found to be significant at the 0.1-probability level. 
The increase occurred entirely with unorganized air mass storms and resulted in 
relatively more storms earlier in the day than existed elsewhere. This and 
other findings suggest that added heating from the city is a critical factor 
in initiating the added convection over New Orleans. 
Sizeable increases in hail days within New Orleans were found in both 
seasons, but the warm season increase was most pronounced. The increase in 
hail days at the City station was 100/5. 
REFERENCES 
U.S. Department of Commerce, 1969: Local climatological data, annual summary 
with comparative data, New Orleans, Louisiana. Environmental Science 
Service Administration, Environmental Data Service, 4 pp. 
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URBAN EFFECTS ON PRECIPITATION AT TULSA 
INTRODUCTION 
Tulsa is a moderate-sized city of 330,000 population located in the 
flatlands of the Great Plains. It lies along the Arkansas River at an 
elevation of approximately TOO ft MSL. The surrounding terrain is gently 
rolling with no mountains or large water bodies to influence its weather 
(U. S. Dept. of Commerce, 1967). The city has had relatively rapid growth 
since World War II. It is a petroleum refining center, has a steel plant 
located 6 miles west of the city, and has chemical, metals, rubber, plastic, 
and aerospace industries. The industrial zones are clustered within Tulsa 
and extend both eastward and westward from the city. 
The climate is essentially continental and the city is subject to ex-
tremes in both precipitation and temperature, typical of the Great Plains. 
Spring is the wettest season and is characterized by showers and thunderstorms. 
Plentiful fall rains are most commonly of the steady type. Snowfall is usually 
light and remains on the ground a very short time. Normal monthly temperatures 
range from 36°F. in January to 82°F. in August. Normal annual precipitation 
is 37.08 inches, ranging from 1.71 inches in January to 5.26 inches in May at 
the Airport station. Normal snowfall is only 9 inches per year. Prevailing 
winds are from the S or SSE except for January and February when winds blow 
most frequently from the north. 
In the Tulsa study, precipitation data were used for the 1931-68 period, 
but analyses were concentrated on the period starting in 1944 when increases 
in station density made pattern analyses more reliable. Special attention was 
given to the period 1944-58 in the pattern analyses, because two Tulsa urban 
stations of the U. S. Weather Bureau (TUL and TAP in Fig. l) were in operation 
simultaneously, to permit reasonably satisfactory pattern analyses. Thereafter, 
only TAP was operated, and this made comparisons of potential inner-city 
differences in monthly and seasonal precipitation more difficult. 
SPATIAL PATTERNS OF SEASONAL PRECIPITATION 
Overall, pattern analyses did not reveal strong evidence of urban-induced 
changes in precipitation within or downwind of the city. Weak evidence of a 
possible change in summer rainfall across the city was found, but interference 
from the existing climatological gradient in the Tulsa area does not permit 
one to place strong reliance on this evidence. Fig. 2 shows the summer and 
winter patterns for the 1944-58 period when both TUL and TAP were in operation, 
and BKA just SE of the city was also in operation. The summer pattern shows 
a W-E oriented low across the city which is primarily, if not completely, a 
climatic anomaly. However, there is evidence in the pattern analyses of a 
break in the low structure on the west side of the city. Comparison of data 
for TUL, TAP, and BKA show a W-E decrease of approximately 12% in the 15-year 
average summer rainfall across the city. It is not possible to determine from 
the spatial analyses whether this change represents an urban-increase on the 
west side of the city, possibly associated with the steel plants or other 
industries west of the urban center, or whether it is merely an extension of 
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Figure 1. Location and period of record for stations used in daily and 
seasonal precipitation analyses in Tulsa region. 
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Figure 2. Seasonal precipitation patterns in Tulsa region. 
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the climatic highs located north and south of the city into the west side of 
Tulsa. A similar 15-yr map for the 1954-68 period, when TUL is missing but 
when several additional regional stations were in operation to help define 
the spatial pattern, also showed a climatic low zone extending W-E across the 
city in summer with an approximate 10% decrease from the west to east side 
of the urban area. However, the interpretation problem is exactly the same 
as with the 1944-68 pattern of Fig. 2. Although downwind highs in the summer 
pattern are evident HE of the city in the 1944-68 period (Fig. 2) and east of 
the urban area in the 1954-68 period (not illustrated), highs of similar 
magnitude are located well to the south and northwest of the city, and one 
can find little reason for associating urban influences with these highs from 
the spatial patterns. Overall, data for summers in the 1954-68 period provide 
slight evidence of an inner-city high, but even its existance is questionable 
in view of the climatic pattern in the region. 
The winter pattern for 1944-58 (Fig. 2) shows a general climatic decrease 
in precipitation westward and northwestward across the Tulsa region. A slight 
bulge exists in the pattern in the central urban area, but whether this is 
related to urban influences is doubtful, since, to a lesser extent, the bulge 
extends across the entire region. The 1954-68 winter pattern was very similar, 
but with the bulge essentially eliminated. Ho real basis for an urban effect 
on precipitation can be discerned in the winter patterns for the 1944-68 
period. 
TIME DISTRIBUTION OF SEASONAL PRECIPITATION 
Trend analyses employing 5-year moving averages of summer and winter 
precipitation were calculated to search for evidence of urban effects and 
their change with time. Two periods were analyzed, 1931-53 and 1954-68. 
Trends of the precipitation ratios, X/TUL in the 1931-53 period and X/TAP 
in the 1954-68 period were used to investigate changes with respect to the 
city. Obviously, fewer stations were available for the earlier period, so 
that the trend patterns presented in Figs. 3-4 are more reliable for the 1954-68 
period. 
The summer ratio pattern for 1931-53 (Fig. 3) shows a general increasing 
trend throughout the region with respect to TUL, but the increases are nearly 
equivalent in all directions, and, therefore, not indicative of an urban-induced 
rainfall enhancement. Actually, the pattern indicates the city rainfall (TUL) 
was decreasing with respect to its surroundings, so that the possibility of 
an urban suppression is present. The 1954-68 trend pattern for summer does 
show an increasing trend over and downwind (eastward) of the city with respect 
to the surrounding areas which experienced a decrease in their ratios. 
Trends in the precipitation ratios for winter 1931-53 do not show a 
consistent regional trend, but rather a series of upward and downward trends 
(Fig. 4). Although an upward trend is indicated over the city, it is less than 
an upward trend to the northwest of the urban area. Decreasing trends occur 
downwind of the city (NE and SE) but a similar trend is indicated upwind to 
the west of the city. Thus, no clearcut evidence of an urban effect changing 
with time is apparent from the 1931-53 winter trend pattern. The 1954-68 
winter trend pattern of Fig. 4 exhibits a series of increasing and decreasing 
ratios with the major increasing region extending W-E through the city, but 
encompassing both upwind and downwind areas. 
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Figure 3. Time trends of summer precipitation ratios in Tulsa region. 
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Figure 4. Time trends of winter precipitation ratios in Tulsa region. 
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Overall, no clearcut evidence of an urban-induced effect changing with 
time can be found in the 1931-53 and 1954-68 trend patterns of precipitation 
ratios. Slight, but inconclusive evidence, of an increasing trend in summer 
rainfall during recent years was noted within and downwind of the city. No 
evidence of a winter trend was revealed. The possibility of an urban 
suppression of summer rainfall was found at the city station (TUL) during 
the 1931-53 period, but is questionable in view of other negative trends in 
actual summer rainfall to the NW at CLE and the SW at CHN. 
DAILY PRECIPITATION AND WEEKDAY-WEEKEND RELATIONS 
As indicated earlier, background interference from natural climatic 
gradients made identification of any potential urban effect very difficult 
to identify in the seasonal pattern analyses. In a further effort to 
ascertain the presence of any urban effect, analyses were made of the 
distribution characteristics of daily precipitation and weekday-weekend 
differences in precipitation. Both of these analyses were useful in 
identifying urban effects at St. Louis and some of the other cities studied. 
Daily precipitation analyses with precipitation stratified according 
to daily amounts showed no significant evidence of urban effects in the 
Tulsa region, as was found at St. Louis and Chicago, for example. The 
general results of this study can be summarized by reference to Fig. 5 which 
shows the annual frequency of days with relatively heavy rainfalls of one 
inch or more during the last 15 years of the sampling period, 1954-68. Fig. 5 
shows highs downwind of the city, about 35 miles ESE of the urban center and 
60 miles NE of the city. However, a high of similar magnitude to the NE high 
is located NW of the city, and these two highs to the NW and NE connect a zone 
of relatively frequent 1-inch storms oriented WSW-ENE. This is really to be 
expected in view of the summer and winter climatic patterns. The ESE high of 
Fig. 5 is again not unexpected from climatic considerations, since this region 
lies in zones of relatively heavy precipitation in both summer and winter. 
Again, it is not possible to say that urban influences did not contribute to 
one or both of the downwind highs in Fig. 5, but there is not adequate 
evidence to substantiate such a possibility. 
Following the same procedure used for the other cities, ratios of 
average precipitation on weekdays to that on weekend days were computed for 
various levels of daily precipitation intensity during the warm and cold 
seasons of 1949-68. Ratios were calculated for various levels of precipitation 
amounts and for the frequency of precipitation days in the various intensity 
categories. Five sampling stations, TAP, CMR, SKT, SAP, and BKA (Fig. l), 
were used in the weekday-weekend study to provide data within, upwind, and 
downwind of the city. Results are summarized in Tables 1 to 4. 
Warm season analyses for the April-October period showed similar results, 
in general, for daily amounts and daily precipitation frequencies. For daily 
amounts, the ratios were less than one for all five sampling stations, and 
there was a general increase in the ratio northward across the city. This 
indicates that weekend days, on the average, were experiencing more rainfall 
in all five classes, and the difference was most pronounced within and upwind 
of the city which experiences prevailing winds from the SSE-S in the warm 
season. With daily precipitation frequencies, the same directional trend was 
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Figure 5. Number of days with precipitation 1 inch in Tulsa region, 1954-68. 
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Table 1. Average weekday-weekend ratios of daily 
precipitation amounts in Tulsa region 
during warm season, 1949-68. 
Ratio for given daily precipitation equalled or exceeded (inches) 
Table 2. Average weekday-weekend ratios of daily 
precipitation frequency in Tulsa region 
during warn season, 1949-68. 
Ratio for given daily precipitation equalled or exceeded (inches) 
Station 
TAP 
SKT 
CMR 
BKA 
SAP 
0.01 
0.83 
0.90 
0.90 
0.75 
0.88 
0.10 
0.82 
0.90 
0.89 
0.75 
0.88 
0.25 
0.82 
0.88 
0.90 
0.74 
0.88 
0.50 
0.81 
0.92 
0.94 
0.72 
0.88 
1.00 
0.81 
0.83 
0.81 
0.64 
0.96 
Station 
TAP 
SKT 
CMR 
BKA 
SAP 
0.01 
0.89 
1.01 
0.87 
0.84 
0.86 
0.10 
0.88 
0.94 
0.83 
0.80 
0.86 
0.25 
0.85 
0.88 
0.86 
0 .8 l 
0.85 
0.50 
0.82 
0.96 
0.99 
0.76 
0.83 
1.00 
0.85 
0.83 
0.72 
0.65 
0.94 
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Table 3. Average weekday-weekend ratios of daily 
precipitation amounts in Tulsa region 
during cold season, 1949-68. 
Ratio for given daily precipitation equalled or exceeded (inches) 
Table 4. Average weekday-weekend ratios of daily 
precipitation frequency in Tulsa region 
during cold season, 1949-68. 
Ratio for given daily precipitation equalled or exceeded (inches) 
Station 
TAP 
SKT 
CMR 
BKA 
SAP 
0.01 
1.02 
l.04 
0.99 
1.01 
1.03 
0.10 
1.14 
1.20 
0.96 
1.10 
1.12 
0.25 
1.13 
1.20 
1.16 
1.26 
1.05 
0.50 
0.95 
1.13 
0.93 
1.15 
1.09 
1.00 
1.11 
0.91 
0.77 
1.03 
0.80 
Station 
TAP 
SKT 
CMR 
BKA 
SAP 
0.01 
1.07 
1.03 
0.97 
1.16 
1.14 
0.10 
1.08 
1.04 
0.97 
1.18 
1.14 
0.25 
1.07 
1.10 
1.03 
1.23 
1.12 
0.50 
0.96 
0.95 
0.89 
1.17 
1.18 
1.00 
1.08 
0.78 
0.76 
1.08 
0.98 
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obtained. If industrial-released particulates were affecting the rainfall in 
the urban region, it must be concluded that conditions were more favorable on 
weekends when the particulate loading would tend to be less than on weekdays. 
The northward decrease could indicate a lessening of the effect downwind of 
the city. However, with all ratios below one and no consistent trend for the 
ratios to change with increasing rainfall intensity, no strong case can be 
made for urban effects in the weekday-weekend data for the warm season. 
An opposite trend in the weekday-weekend ratios was found in the cold 
season with the ratios decreasing from south to north at all intensity levels 
for daily precipitation amounts. Furthermore, at the three lower intensity 
levels, the average ratios exceeded one, indicating a possibility that 
additional particulate loading was stimulating the amount of weekday 
precipitation. This is comparable to the situation at Chicago where opposite 
ratio trends were found between the warm and cold season. In general, the 
ratios were lowest for days with amounts of one inch or more, and ratios 
varied from 0.76 to 1.08 among the five stations. This suggests that the 
urban weekday effect was not operating on days with relatively heavy 
precipitation (if an urban effect was occurring from the particulate discharges). 
Cold season ratios for daily precipitation frequencies in Table 4 again 
show a trend for ratios to be greater than one for the three lower intensity 
categories and no pronounced trend at the two heaviest intensities. This 
behavior leads to the same conclusions as for precipitation amounts discussed 
above. Directionally, the ratio displayed an erratic trend among the intensity 
levels with minimum ratios over the city at the 0.25 inch and 0.50 inch levels 
and peaking over the city for days > 1.00 inch. 
Overall, the analyses did not provide clearcut evidence of urban-induced 
effects resulting from weekday-weekend differences in particulate discharges 
into the atmosphere. However, there are some indications that particulate 
discharges may lead to enhancement of light to moderate natural precipitation 
in the cold season at Tulsa, and that the particulate load (if effective at 
all) is more favorable for enhancement on weekends during the warm season. 
EVALUATION OF THUNDER-DAY AND HAIL-DAY DATA 
Data from Tulsa and the area within 50 miles of Tulsa were obtained for 
this study. These 1901-68 data were from two first-order stations (Tulsa 
and Springfield, Missouri), and 40 cooperative substations. The cooperative 
substation records of thunder days and hail days were evaluated using techniques 
described in earlier reports. Only one cooperative substation was found to 
have quality thunder data, and only two substations were judged to have quality 
hail-day records. These substations included Vinita, Tulsa #1, and Hallett. 
The first-order station thunder data at Springfield was compared with 
that at Tulsa, under the assumption that the Springfield frequencies were not 
altered by urban effects and would serve as a control for the Tulsa data. 
Comparison of their temporal variations showed no systematic persistent 
increase in thunder days at Tulsa during the 1901-68 period. The sparsity 
of stations meant that no pattern analysis could be made, and the 20-year 
record of thunder at Hallett was too short to provide any other temporal 
analysis with Tulsa. No evidence of an urban effect on thunderstorm frequency 
was found in the Tulsa trend, but the total lack of any quality data immediately 
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downwind of Tulsa means that an increase could have existed in this area, 
such as been found in the other cities, but was simply undetected by the 
lack of quality data. 
The lack of quality hail data stations in the Tulsa area also meant 
that a pattern analysis could not be performed. The existing data, when 
compared on a temporal basis, did not suggest any urban-related changes in 
hail frequency. 
GENERAL CONCLUSIONS 
Spatial analyses of summer rainfall provided slight evidence of an 
urban effect, but its existence is questionable because of the configuration 
of the natural climatic pattern in the Tulsa region. Also, no real basis 
for an urban effect could be discerned from winter spatial patterns. Trend 
analyses did not indicate any clearcut evidence of urban effects in the 
time distribution characteristics of seasonal precipitation, although an 
increasing summer rainfall enhancement in recent years is suggested. 
Analyses of weekday-weekend relations did not provide strong evidence 
of urban effects related to particulate discharges from industrial sources. 
However, slight evidence was found that particulate discharges may lead to 
enhancement of light to moderate natural precipitation in the cold season. 
Evidence of urban effects on thunderstorms, hailstorms, and heavy rainstorms 
were not revealed in the various Tulsa analyses. 
Ho evidence of urban-industrial effects on thunder-day frequencies 
were found in the Tulsa area. However, existing thunder data were deemed 
insufficient to totally evaluate the presence of any urban-related alterations 
in thunder frequency. 
The local hail data also did not suggest any apparent alteration in 
hail frequency, but again, no quality hail data stations existed within the 
50-mile downwind area of Tulsa. Thus, no evidence of a urban alteration in 
thunder-day or hail-day frequencies was discerned at Tulsa, but the existing 
data did not allow an adequate evaluation. 
REFERENCES 
U. S. Department of Commerce, 1967: Local climatological data, annual summary 
with comparative data, Tulsa, Oklahoma. Environmental Science Services 
Administration, Environmental Data Service, 4 pp. 
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RELATIONSHIP OF THUNDER AND HAIL INCREASES AT 
EIGHT CITIES TO URBAN SIZE AND POLLUTION FACTORS 
INTRODUCTION 
The thunder-day and hail-day analyses at the eight cities revealed 
that six had increases in thunder and hail-day frequencies, and two (Tulsa 
and Indianapolis) cities did not. The magnitudes and beginning times of 
the maximum point (or area in some cases) increases in the summer season 
(when the increase were greatest) at the six cities are shown in Table 1. 
The thunder increases ranged from 10 to 42%, and the hail increases from 
67 to 400%. A 5-year or longer period of increase and higher values had 
to exist for an increase to be identified. 
Evaluation of the reality and the relationship of these increases to 
urban-industrial factors has been difficult largely because of the lack of 
any continuously collected records on heat, water, and nuclei released to 
the atmosphere. The evaluations have been based largely on indirect proof, 
the discovery of shifts in frequencies in the city and/or local downwind 
locations in recent years (1935-70). The relationship of the increases to 
local smoke-haze day frequencies, where such data were available, was 
established at three cities (Chicago, St. Louis, and Houston). The thunder 
increases at each of these cities showed a reasonable temporal relationship 
with the increases in smoke-haze days. The smoke-haze day frequency relates 
to pollution conditions and theoretically serves as an index of the amount 
of active cloud and freezing nuclei being added to the atmosphere. 
Another means to l) evaluate the reality and local cause (added heat, 
water vapor, or nuclei) of the apparent urban-induced thunder increases, and 
2) to predict the size or type of city where increases exist or will develop 
consists of comparing the thunder increases (their magnitude and time of 
beginning) with available data on their urban-area populations and pollution. 
Population values for each urban region in the year when the thunder increases 
began and for 1970 are shown in Table 1. 
In recent years (1957-69), 1-year inventories of the emissions of total 
particulates and the fuel usage have been performed by air pollution control 
agencies for regions incorporating seven of the eight cities. The New Orleans 
inventory is not available. The types of fuel burned were used to calculate 
the annual BTU's emitted and the liquid water emitted (considered to be sprayed 
into the air). These calculated emissions of heat, water vapor, and particulates 
are shown in Table 1. 
RESULTS 
Fig. 1 illustrates the relationship between the thunder increases and 
the urban-area population when the increases began. Although Tulsa and 
Indianapolis had no increases, and thus no population figures at the start 
of an increase, they are plotted on Fig. 1 using their 1960 population values. 
This appears to be a reasonable choice since the thunder data evaluated for 
Table 1. Analysis of summer thunder and hail increases 
in 8 cities and various urban parameters. 
1-Maximum increase refers to greatest increase noted in or downwind of the city with percentage based on difference 
computed from upwind areal values. 
2-Tons per year. 
3-Given in 1014 BTU/year, based on 100% inefficiency in fuel combustion. 
4-Given in 109 pounds/year. 
Chicago 
Cleveland 
Houston 
Indianapolis 
New Orleans 
St. Louis 
Tulsa 
Washington 
38% 
42% 
10% 
0 
26% 
25% 
0 
17% 
194l 
1956 
1939 
1960 
1946 
1938 
246% 
90% 
400% 
0 
160% 
276% 
0 
61% 
194l 
1948 
1951 
1960 
1951 
1937 
2,106,000 
2,700,000 
968,076 
900,000 (1960) 
1,256,400 
1,605,000 
308,885 (1960) 
908,000 
4,536,000 
3,372,486 
2,516,778 
1,109,882 
1,459,413 
2,326,700 
401,663 
2,543,159 
585,980 
303,597 
83,607 
78,410 
missing 
147,400 
8,778 
34,790 
16.100 
9.098 
12.374 
2.967 
missing 
4.927 
0.751 
3.001 
108.106 
71.152 
87.108 
14.601 
missing 
32.016 
6.757 
26.566 
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Figure 1. Urban population in year when thunder 
increases began and maximum increase attained 
Figure 2. 1970 urban area population versus maximum 
percentage increase in thunder days 
Figure 3. Total particulate emissions per year versus 
maximum thunder increase at 8 urban areas 
Figure 4. Relationship between maximum thunder-day 
increases and annual thermal emissions from urban areas 
Figure 5. Relationship between maximum thunder-day increases 
and annual liquid water emissions from urban areas 
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each ended in 1968, and if a 5-year (minimum) increase period existed, it 
would have developed by 1960 or shortly thereafter. The dashed line drawn 
at 900,000 population (Fig. l) separates the cities with an increase from 
those without. In fact, there is a good linear relationship shown on Fig. 1. 
This indicates that the urban area size existing when the urban-related 
thunder increase began affects the magnitude of increase produced. For 
instance, the 42% thunder increase at Cleveland began with an urban-area 
population of 2.7 million, whereas the 10 and 17% increases at Houston and 
Washington began when their populations had reached nearly 1.0 million. 
The relationship of the magnitude of these maximum thunder increases to 
the 1970 urban-area population was also examined (Fig. 2). A weaker 
relationship exists between the present urban size and the occurrence of an 
increase. The general magnitude of increase is somewhat affected by size as 
the two cities with 1970 populations >3.5 million have the two largest 
increases, and the two with the smallest populations have no increases. 
Fig. 3 portrays the thunder increases plotted as a function of the 
total annual particulates emitted. The relationship is not strong, particularly 
for cities with less than 100,000 tons. For example, a 17-percent increase 
at Washington exists with less than half the particulates at Indianapolis 
where no increase existed. 
The relationships of the thunder increases to the heat and water vapor 
emissions of the urban areas are shown in Figs. 4 and 5. The relationships 
are not strong, but are better than that for particulates. The Houston area 
with large heat and water vapor emission values has a relatively low percentage 
increase. Nevertheless, all cities with an annual heat emission ≥3 x 10l4 BTU 
and/or an annual water vapor emission ≥25 x 109 lbs have thunder increases, and 
those with less had no increase. 
CONCLUSIONS 
It should be clearly recognized that the findings are based on gross 
urban area measurements and that the comparisons of necessity must be 
interpreted with caution. The emission data came from 1-year measurement 
programs occurring at the 7 various cities in the 1957-69 period, and thus 
may not be representative of many recent years. Furthermore, in relation 
to the thunder increases, it is quite possible that bigger percentage 
increases exist but have gone undetected because of the general lack of 
thunder measuring stations around most cities. In fact, the lack of an 
increase at Indianapolis may be due to the lack of stations in the local 
downwind area. 
These findings do appear tc indicate that urban area size, as reflected 
in the total population, has an affect on the occurrence and magnitude of 
urban-related thunder increases in humid continental and humid subtropical 
climatic zones. In fact, these results indicate an increase in thunderstorms 
can be expected to develop at an urban area in these climates when its 
population exceeds 900,000, and increases in thunder frequencies will exceed 
30% as the size (population) exceeds 3.0 million. 
The relationships of heat and water vapor emissions to the thunder 
increases were not exceptionally strong, but they were better than that for 
the relationship of particulates with thunder. A critical level of emission 
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of heat (and/or water vapor) exists below which no thunder increases exist 
and above which increases occur. 
The relatively poor relationship between total particulate emission 
and the existence of magnitude of the thunder increases suggests either that 
the aerosol explanation for the urban thunder increases is not valid, or 
that the urban aerosols that might affect convective processes are not 
correlated with the total particulates. 
Certainly these results support a conclusion that the thunder and hail 
increases are urban-related, and the relationships found tend to suggest 
that the urban area size and the total thermal emissions, which are 
interrelated factors, are more responsible for the thunder increases than 
are other potential urban factors. 
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HYDROLOGIC IMPLICATIONS OF INADVERTENT 
WEATHER MODIFICATION 
Hydrology is an allied field of the atmospheric sciences in which 
inadvertent weather modification could have significant effects. For 
example, if urban areas intensify or moderate naturally-occurring heavy 
rainstorms, the frequency and magnitude of flood-producing storms would 
differ from those experienced in unaffected suburban or rural areas in 
the same climatic region. In turn, this would affect design requirements 
for certain hydraulic structures, such as storm sewer systems. 
Aside from the potential effects on extreme storm events, substantial 
increases in total annual or seasonal rainfall downwind of major cities, 
such as found in the LaPorte study (Changnon, 1968; Huff and Changnon, 1972), 
could have hydrologic implications through their effect on local runoff. 
Alteration of local runoff could then modify both the quality and quantity 
of municipal water supplies from small basin sources downwind of urban areas. 
Similarly, in areas where shallow groundwater aquifers are a major source 
of water supply, the quality and quantity could be affected by urban 
modification of the regional precipitation climate. Increased washout of 
urban pollutants from urban-induced precipitation could affect the quality 
of both surface water and shallow groundwater supplies in the urban-effect 
region. 
As part of the work under NSF GA-18781, a pilot study was made of 
hydrologic implications from inadvertent weather modification was made, 
since little information on this subject is available. For this study, 
data from the St. Louis and Chicago urban areas were utilized. 
FREQUENCY DISTRIBUTION OF 24-H0UR RAINFALLS 
In the St. Louis and Chicago studies, analyses of urban effects on days 
with rainfall equalling or exceeding 2.0, 2.5, and 3.0 inches indicated that 
urban effects are active on days with relatively heavy rainfall in and/or 
downwind of large metropolitan areas. This raised a question as to possible 
urban effects on extreme storm events of the magnitude having importance in 
the design of hydraulic structures, such as urban and suburban storm sewer 
systems. In such designs, interest is primarily in storm periods of 24 hours 
or less in which rainfall events with a 2-year to 5-year average frequency occur. 
The data tabulations of daily rainfalls with two inches or more for the 
1949-68 period at Chicago and St. Louis are suitable for developing frequency 
distributions for 24-hour storm periods. Therefore, to obtain a first estimate 
on the potential effect of urban-intensified rainstorms on hydrologic structural 
designs, such a study was undertaken. 
In this study, the frequency distribution of daily rainfalls were developed 
for key stations in" the two urban regions and converted to maximum 24-hour values 
through use of transformation factors developed in studies by the U.S. Weather 
Bureau (Hershfield and Wilson, 1957) and verified by Illinois studies (Huff and 
Belli, 1959). 
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Next, comparisons were made of the 2-year and 5-year return-period 
values in each region to search for evidence of increased or decreased 
values in the major effect areas identified in various other precipitation 
analyses described earlier in this report. Results are illustrated in Table 
1 which shows values obtained for selected stations in each region that 
reflect the overall findings. (See maps with St. Louis and Chicago urban 
studies presented earlier in this report for station locations). Also shown 
are average return-period values for Chicago and St. Louis determined from 
long-period records and appearing in Weather Bureau Technical Paper No. 40 
(Hershfield, 196l). 
Table 1. Comparison of 24-hour rainfall frequencies 
in St. Louis and Chicago regions, based on 
1949-68 data. 
Rainfall (in.) for 
given return period 
Station Location 2-year 5-year 
St. Louis Region 
STL Urban 3.3(3.5)* 4.2(4.4)* 
CEN Major Effect 3.2 3.7 
EDG Major Effect 3.1 3.4 
Chicago Region 
AUR Upwind 3-4 4.4 
JOT Upwind 3.4 4.1 
CITY Urban 3.3(2.7)* 4.3(3.5)* 
APT Urban 3.2 4.3 
VAL Major Effect 3.1 4.0 
LPT Major Effect 3.7 4.8 
*Long-term average from USWB Technical Paper 40 
Values for the St. Louis region show that the 20-year period, 1949-68, 
experienced extreme rainfall events similar to those indicated by the long-term 
records. Data are shown for the Weather Bureau city station (STL) and two 
downwind stations Centreville and Edgmont (CEN AND EDG) located at the center 
of the maximum urban effect. It is obvious that there is no significant 
differences among the three stations. Thus, the results indicated that the 
urban effect has little influence on the frequency distribution of extreme 
rainfall events of major interest to the hydrologist in the St. Louis area. 
Data for the Chicago region indicate that an abnormal number of extreme 
rainfall events occurred in the 20-year sampling period. Thus, for the urban 
station (CITY) the 2-year and 5-year events had over 20% more rainfall than 
the frequency relations developed from long-term records. Despite the 
abnormality, comparison of the relative magnitude of 2-year and 5-year events 
upwind, within the city, and in the downwind area of major effect can be made 
from the derived relations. Comparing values for the two upwind (Joliet and 
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Aurora) and tvo urban stations (Midway Airport and City Station) does not 
provide evidence of any significant urban effect on the intensity of the 
2-year and 5-year events within the city. The same is true in the area of 
major effect at Valparaiso (VAL). However, La Porte (LPT) at the center 
of the major effect zone, as shown by other rainfall analyses, does show 
substantially higher values for the two periods. Both the 2-year and 
5-year values at LPT and 9% higher than any value within or upwind of the 
city, including others not contained in this table. 
Thus, there does appear to be a possibility that even the extreme 
rainfall events are being intensified by the urban effect in the La Porte 
area. In general, the urban effect was greater in the La Porte area than 
at any of the other cities in our 8-city urban climatology study. Therefore, 
available data for extreme rainfall events at St. Louis and Chicago suggest 
that these events are not significantly affected except, perhaps, where urban 
effects are unusually strong. However, more extensive studies are needed to 
evaluate more thoroughly the hydrologic implications from urban augmentation 
of natural storm rainfall. 
RUNOFF ANALYSES 
If urban-related rainfall increases are real, they could have hydrologic 
implications through their effect on local runoff. Hidore (1971) undertook 
a study of the runoff in the La Porte area which is in the Kankakee River 
Basin. He found an increase in the runoff and a positive relationship 
between the runoff and the La Porte rainfall data, as illustrated in Fig. 1. 
This shows the 1926-60 time trend values of the summer runoff at two places 
on the Kankakee basin, one measured close to La Porte and the other for a 
larger portion of the basin. Also shown are the time trends of the 
precipitation at La Porte and other areas stations, as determined by Hidore. 
Better relationships between the La Porte rain and runoff values are clearly 
revealed. The 13% runoff increase at the Davis station would appear to be 
significant in water resource considerations. 
In conjunction with the research under NSF-18781, a runoff analysis was 
made of available streamflow data downwind of St. Louis. This consisted of 
using runoff data for two small rural basins for which no major land use 
changes occurred in the 1941-68 period. One basin (Canteen Creek) is located 
in the downwind rainfall high east of St. Louis and the other basin (Indiana 
Creek) is north and out of the urban rain-effect area. The curves reveal a 
systematic positive departure in the Canteen (effect-area) values beginning 
after 1955. In the 1941-55 period the average summer (May-September) runoff 
at Canteen Creek was 1.3 inch greater than the 3.4-inch value at Indiana Creek 
(no-effect area), but since 1955 it was 2.9 inches greater than the 4.3 inch 
average at Indian Creek. The 1955-68 period was found to show the greatest 
upward trend in urban-induced rainfall within the major effect area also. The 
post-1955 increase on the Canteen Creek (effect area) runoff was 54% and that 
at Indian Creek was 28%, indicating a possible urban-related increase of 
about 25%. (See Figure 2). 
These two cases suggest possible runoff modification by urban effects, 
but are based upon too few data to claim proof of effect. More investigation 
of this potential urban effect would be desirable. 
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Figure 1. Net changes in summer runoff of Kankakee River at 2 locations (triangles) 
and in the summer precipitation at long-term stations (dots) 
in 1926-60, expressed as a percent of the mean. 
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Figure 2. 5-year moving averages of May-September runoff of 2 small basins 
in St. Louis area, 1941-68 period. 
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GROUNDWATER ANALYSES 
Effects of localized warm season rain increases on groundwater are 
difficult to ascertain in most areas since long-term groundwater data are 
generally not available, and because warm season rainfall often does not 
significantly affect the groundwater resources. 
However, immediately downwind of St. Louis is a 175 mi2 flood plain 
of the Mississippi River, and this area is effectively a "closed shallow 
aquifer," composed of 120-ft thick unconsolidated sands and gravels under-
lain by impermeable rock. Recharge comes primarily from rainfall, except 
very close to the river where streamwater infiltration is equal to or 
greater than the rainfall contribution. The dependency on rainfall recharge 
is illustrated in Fig. 3. Here, we have shown a time comparison between 
rainfall and well water levels in one of the shallow aquifers and good 
correspondence is evident. 
This area, known as the American Bottoms, is the second most heavily 
populated and industrialized region in Illinois, and depends almost entirely 
on the local groundwater for its water supply, with an average 100 mgd 
pumpage. Heavy pumpage makes any realistic evaluation of the effect on 
groundwater of urban-induced rainfall exceedingly difficult. 
However, it is possible that if urban effects are increasing rainfall 
in the downwind region, that it may be reflected in the groundwater quality, 
due to more intensive scavenging of atmospheric pollutants and increased 
overland flushing of ground-based pollutants. Therefore, groundwater 
chemistry was examined at a well considered unaffected by any localized 
pollution sources, such as refuse piles, and located far enough away from 
the river so that streamwater infiltration would not be an important 
recharge factor. Chloride and sulfate contents of this and five other 
test wells in the American Bottoms area were made in the 1944-65 period. 
Fig. 4 shows time trends based on 5-year moving averages for the two 
chemical constituents at the selected well whose position is shown in the 
upper right corner. Also shown is the annual rainfall trend at a gage near 
the well. 
The annual rainfall in the 1943-54 period was 37.80 inches, but increased 
to an average of 1+0.00 inches for the 1955-66 period. This increase and the 
shape of the rainfall curve relate well to the chloride and sulfate increases 
since 1954, but no relationship exists for the 1943-54 period. The rapid 
increase in groundwater pollution since 1954 may be related to greater atmospheric 
pollution in the area. How much of this was due to dry fallout and then surface 
water capture, and how much was due to direct rainfall scavenging in the 
atmosphere is uncertain. However, the correspondence of the 1955-66 rain 
and pollutant curves suggests that the natural rainfall, plus the 2-inch 
increase attributed to urban effects in this period, may have been instrumental 
in the sizeable increases in groundwater pollution. 
Thus, we have uncovered some slight evidence of a hydrologic effect on 
shallow groundwater aquifers resulting from urban pollution intensified by 
urban modification of the natural precipitation, but most certainly much more 
thorough study would be needed to arrive at well-substantiated conclusions. 
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Figure 3. Water level-precipitation comparison between a well downwind of 
St. Louis and nearby daily precipitation. 
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Figure 4. 5-year moving totals of chlorides and sulfates in groundwater 
downwind of St. Louis and the 5-year moving totals of annual 
rainfall at a nearby station. 
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CONCLUSIONS 
What we have tried to do in this pilot study is to point out certain 
aspects of the urban-induced effects on precipitation that have hydrologic 
implications and to stress the need for further study in these areas of 
interest. We have been able to establish quite well in our 8-city urban 
climatology studies that total rainfall is increased downwind of large 
cities, especially during the warmer part of the year. Furthermore, this 
urban effect is reflected in moderate to heavy daily rainfalls of the 
order of 2-3 inches. However, when one examines the more extreme storm 
events having return periods of 2 years, 5 years, and longer, which are 
of basic interest in hydrologic design problems, our research of data 
indicates the urban effect is rather insignificant, except possibly where 
unusually strong urban effects are observed, such as in the La Porte region. 
More work on the extreme storm events in and downwind of large cities would 
be desirable. 
Limited studies of urban effect on runoff volume do show some evidence 
of an effect, but here again we have only limited analysis results available 
and too few to really reach reliable conclusions. So certainly, more work 
in this direction would be helpful. 
In the St. Louis area, we found some evidence of increased pollution 
of shallow groundwater aquifers, resulting most likely from a combination of 
urban augmentation of rainfall scavenging along with an increasingly polluted 
atmosphere with passing time. The water-supply pollution problem needs 
particular attention. Consequently, in summer 1972 we plan to initiate 
research in conjunction with the METROMEX field program in the St. Louis 
area to undertake a more comprehensive study of the pollution of shallow 
groundwater aquifers in the American Bottoms region. We also plan to 
initiate a study on Canteen Creek, in conjunction with another METROMEX 
activity, to use chemical tracers injected in storm systems to evaluate the 
time distribution properties of atmospheric pollutants scavenged in rainfall 
and carried to surface water supplies by surface runoff. The presence on 
METROMEX of a 250-gage raingage network on 3300 mi2 along with a 70-sampler 
rainwater chemistry network in 750 mi2 and very detailed surface and upper 
air meteorological observations makes the groundwater-surface water studies 
feasible at a minimum cost of equipment and personnel. However, much more 
than this single St. Louis study is needed to clarify the problem. 
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